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Abstract
In vitro and ex vivo fish intestinal models for eco-
toxicological studies
Laura Mary Langan
Ecotoxicity testing of chemicals for environmental risk assessment is an area where a
high number of vertebrates are used across a variety of industrial sectors. The appli-
cation of the 3Rs in toxicity testing using fish address both the ethical and societal
concerns around this issue in addition to the increasing legislative requests for the in-
corporation of animal alternatives. This thesis aims to highlight the potential of 3D cell
culture models to "bridge the gap" between in vitro and in vivo screening procedures
for testing of chemicals with the potential to persist or bioaccumulate thereby improv-
ing the predictive power of screening procedures. This thesis examines two alternative
methods for their potential use as an intestinal based toxicokinetic tool for environ-
mental risk assessment, utilising an in vitro fish cell line replacement tool (RTgutGC).
In addition, for the first time a new intestinal primary cell culture based model was
developed to address both intestine region specific response (pyloric, anterior, mid and
posterior) and size related adaptability to toxins. Paramagnetic oximetry was used to
measure oxygen content within 3D structures (spheroids) in order to better understand
the microenvironment of these culture models. Using histology, immunohistochemistry,
transepithelial electrical resistance (TEER), transmission electron microscopy (TEM),
metabolic, fluorescence and gene expression assays, the comparability of this system to
native intestinal response was established. Following exposure to carefully chosen envi-
ronmental contaminants (Benzo[a]pyrene and Copper), the RTgutGC cell line demon-
strated comparable responses to existing literature in terms of uptake, metabolism,
DNA damage and the presence an equivalent saturable level. Primary enterocytes cul-
tured on transwell inserts remained viable for upto six weeks, with permeability and
metabolic activity comparable to native tissue (both in vitro and ex vivo). Taken in
combination, these features of enterocytes represent a profile more closely representative
of the intestine then the widely used "gut sac" method. With the potential advantages of
incorporating complexity at differing levels (connective tissue layer, intestinal bacteria
biome), the intestinal models described offer the potential to screen highly persistent
toxins which may require prolonged incubation, in addition to the exploration of complex
experimental designs which minimise animal usage (uptake, depuration, uptake). As a
consequence, the models developed within this thesis significantly enrich the emerging
fish based in vitro testing strategies.
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Introduction
1
1. Introduction
1.1 Toxicity testing
Toxicology, especially with respect to the environment, is an interdisciplinary area in-
corporating numerous scientific disciplines to deal with toxicants in the environment.
These compounds are diverse in function, action and structure and are respectively re-
ferred to as contaminants or ecotoxicants. With respect to this thesis, we will focus
on ecotoxicants which can be defined as substances which are discharged into the en-
vironment through human actions and have the potential to impact on the ecosystem
at relatively low levels/concentrations. Frequently, these arise as a result of industrial
activities, such as mining, but also pharmaceutical release through medical practices
and agriculture. Ecotoxicology is considered a subdivision of environmental toxicology
which studies the impact of ecotoxicants on ecosystems. Integration of toxicological in-
formation through various hierarchical levels of biological organisation and complexity
allows an explanation of the impact of toxicants on higher individuals such as humans
in addition to ecosystems. Within this, the integration process begins with information
from the simplest biological organisation at the molecular and cellular levels and grad-
ually increases complexity as detailed in Figure 1.1. Traditionally in the assessment
of toxicity in aquatic ecosystems, the most commonly utilised test was the short term
or acute lethality test which was incorporated into regulatory testing. This is due to
aquatic environments which act as repositories for natural and persistent anthropogenic
compounds (e.g. metals or pharmaceuticals)(Jayapal et al., 2010).
The development of basic toxicity test systems which are based on sound scientific re-
search has been ongoing for decades, and has been driven by human requirement to
identify substances and concentrations which can damage living organisms. Generally,
the biological tests which are employed to determine these damaging substances are
required to be relatively easy to perform, cost efficient, have sufficient statistical power
to predict response, use a minimal number of experimental animals, have a stable re-
sponse with specific biomarkers and endpoints (e.g. test results from one laboratory
give comparable results in another with similar experimental set up) and finally can be
easily applied in risk assessment. Development of these systems are driven by numerous
bodies, such as the Organisation for Economic Cooperation and development (OECD)
which has provided over 36 guidelines (OECD 201-236) for testing effects of synthetic
substances on biotic systems using numerous organisms such as bacteria, algae, dapnia,
fish, earthworms and honeybees. In addition, the EU water framework directive (WFD
2000/60/EC) and OSPAR convention oblige all signatories to ensure the protection of
marine and estuarine environments. As an enormous investment into consumer product
safety, the REACH programme (Registration, Evaluation, Authorisation and Restric-
tion of Chemicals, established in 2006) aims to assess existing chemicals already in circu-
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lation but which have undergone little testing. This regulation (EC 1907/2006) revises
the Dangerous Substances Directive (67/548/EEC), with registration of substances still
ongoing despite an initial deadline of 2016, but now extended to 2018. This regulation
ensures that companies which introduce chemicals to both the economic market and the
environment are responsible for understanding and managing the risks associated with
their product. Due to this, it is clear that the final list of registered compounds will
be extensive, and thus the compulsory toxicity testing will account for more then 95 %
of the testing costs and animal use of REACH, with a considerable quantity of animals
required to ensure sufficient statistical power in the results.
At present, assessment and monitoring of toxicity in organisms is based on OECD
testing, with a predominance of lethality testing (singular end-point). These bioconcen-
tration/bioaccumulation tests are time and resource intensive and require a substantial
use of animals. A typical flow-through fish test will require the use of at least three
experimental groups consisting of a control and a high and low dosage, with a mini-
mum of four fish per group sampled on at least five different occasions during uptake
and four occasions on elimination/depuration phase (∼108-300 fish). Hence, the test-
ing capacities required under the regulations would provide substantial challenges to
existing laboratories and alternative approaches might relieve these pressures. This is
in spite of the work that has contributed to reducing the number of fish in bioconcen-
tration/bioaccumulation studies by reducing the number of test concentrations (Burden
et al., 2014). Indeed, numerous discussions are emerging on the employment of prag-
matic approaches which aim to advance the 3Rs (reduce, refine and replace) approach
in regulatory ecotoxicology (e.g.|Burden et al. (2015a)), with a particular emphasis on
what is required to ensure the widespread use of non-animal approaches (Burden et al.,
2015b). More information on these methods will be discussed in later sections. Alterna-
tive approaches can include but, are not limited to, in vitro methods utilising cell culture
techniques or in silico methodology which uses mathematical modelling techniques to
predict absorption, distribution, metabolism and excretion (ADME) of synthetic or nat-
ural substances from both humans and animals based on existing information from both
in vivo and in vitro studies. Nevertheless, due to regulatory acceptance of animal tests
and an estimated 40-60,000 chemicals projected to be registered under REACH guide-
lines, tens of millions of animals will be utilised for toxicity assessment with a currently
estimated cost of 1.5 billion euros (Van der Jagt et al., 2004). Thus it is unsurprising
that the European Union is specifically encouraging the development and application of
alternatives to animal tests in order to allow REACH to be executed in an ethically and
financially effective manner (Castaño et al., 2003). This is agreement with the tenets of
3Rs which was first defined by Russell and Burch (1959).
Immortalised cell lines offer one such animal alternative. These are populations of cells
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typically originating from a multicellular organism which either spontaneously or by
mutation (through artifical manipulation) evade cellular senescence and can undergo
constant division, and thus can be grown for prolonged periods in vitro. In this con-
text, toxicity has been shown to initiate within an organism at the level of cell and so
this in vitro system represents a simple means to assess toxicity with minimal biolog-
ical complexity. Outside of the obvious cost saving and replacement or reduction of
animals in toxicity testing, in vitro cells lines have several advantages when compared
to whole animal tests. Toxic substances in considerable quantities may be screened
quickly using multi-well plates, and rapidly analysed. In addition, little test substance
is required, thus less toxic waste is produced. Unlike in vivo systems, defined experi-
mental conditions can be readily set and maintained, thus opening the possibility for
sophisticated biomechanistic studies in which the effects of exogenous factors can be
analysed individually or in combination. In this respect, numerous studies are currently
reviewing existing frameworks (Basketter et al., 2012), suggesting adaptations (Combes
et al., 2006) or incorporations to existing methods to improve toxicity predictions (Wilk-
Zasadna et al., 2015). A new standard in toxicity testing is emerging, which denotes a
move from the traditional apical endpoint approach as determined from animal models
to a mechanism driven approach based on the combinations of in vitro and in silico
methods such as those proposed by Wilk-Zasadna et al. (2015).
A 2013 review by European Commission on animal use for experimental and scientific
purposes (SWD(2013) 497 final) reports that rodents unsurprisingly represent the most
studied animal group within member states at 80%, followed by cold-blooded animals
namely reptiles, amphibians and fish (12.4%). Fish are the dominant vertebrate species
for the regulatory evaluation of ecotoxicity as clearly demonstrated in OECD guidelines,
and are afforded the same legal protection as mammals. In addition, Castaño et al.
(2003) report that OECD guidelines on tests on fish require higher numbers of fish
per toxicity test than required for mammalian species. It is for this reason that the
establishment and validation of cell culture assays as alternatives to whole fish tests, as
suggested almost 40 years ago (Rachlin and Perlmutter, 1968), is an important scientific
and ethical goal.
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Figure 1.1. Schematic representation of the integration of numerous responses within a biological
system in order to develop an explanation the impact of toxicants on higher level individuals
following an exposure event. With respect to the 3Rs, the assessment of the impact of toxicity
focuses predominantly on early effects, with 3D cellular models offering a means to address the
impact of toxicants on the system/organ level demonstrating good correlations with organism in
vivo models. Important to note is the increasing cost in association with complexity , in addition
to societal and regulatory pressures to avoid direct testing on components of later effects.
1.2 Animal alternatives
The evaluation of chemical toxicity by traditional in vivo testing protocols has proven
prohibitively costly and time consuming for screening large numbers of chemicals, yet
despite the huge advances in science, animal-free toxicology is still a long way off (Perkel,
2007). In order to assist with this move to animal free toxicology, a large suite of animal
alternative methods have been proposed to be used independently or in combination.
Alternative methods for regulatory toxicology have been reviewed previously in sub-
stantial detail by the European Commission (Worth et al., 2014) and other bodies
(Eisenbrand et al., 2002) and cover numerous tissue and organ models and will not be
discussed in detail.
In the 21st century, a shift in standard toxicity testing began and was marked by a
move from animal testing to in vitro methods (i.e. cell culture) which resulted in
increased efficiency and reduced animal usage as summarised by Krewski et al. (2007).
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The success and acceptance of in vitro models is arguably based on the wide breath of
cell lines or primary culture methods (ex vivo) available from various organs, or model
species. The large reliance of existing computational high-throughput models on these
in vitro systems can be firmly placed on their long history of use. Cell culture of tissue
can be traced back to Sir William Harvey in the 16th century as detailed in Allen et al.
(2005). As a consequence, numerous studies relating to the use of cell culture in science
exist, and it is not within the remit of this study to summarise this. However, a brief
summary of its use as a toxicology tool will be discussed.
Within toxicity testing, there are many in vitro cell and tissue models available, which
encompass numerous species and organs. The use of cell lines has proven to be a
valuable, rapid and cost effective screening tool in the ecotoxicological assessment of
chemicals and environmental samples. Naturally, this area has been driven by human
and mammalian models, with reports of cytotoxic comparability of the in vitro models to
native tissue predominant in the literature, for example in the liver (Xu et al., 2003). The
number of cell lines currently in existence is vast (e.g. 4,000 human cell lines of various
tissue origin), with the first cell line deposited the American Type Culture Collection
(ATCC) in 1962. Yet, despite the growing accumulation of cell line availability with
time ( 150 species), cell lines derived from aquatic systems are minimal in comparison.
A review by Lakra et al. (2011) estimates that more than 283 cell lines derived from
finfish are available (freshwater and marine) with culture conditions and media usage
well established in the literature (Lakra et al., 2011; Bols and Lee, 1991).
Until recently, the majority of studies in cell biology reported on the use of cells of
interest cultured on cell culture-compatible polystyrene in a two dimensional monolayer.
However, cells are typically surrounded by either an extracellular matrix (ECM) or are
in direct physical contact with cells from either the same or different lineages, and so
this technique is generally not considered the natural microenvironment of the cells. In
alternative culture methods, there has been a substantial increase in the application of
three dimensional culturing methodologies, such as cell cultures as aggregates refereed
to in this thesis as spheroids (Uchea et al., 2015; Baron et al., 2012) (Figure 1.2a),
cells grown on 3D scaffold material (Chen et al., 2015; Stott et al., 2015; Vllasaliu
et al., 2014; Kumar et al., 2010; Leonard et al., 2010) (Figure 1.2b), or are embedded
in gels (McCracken et al., 2011; Justice et al., 2009; Macartney et al., 2000). A review
by McKim (2010) outlines in detail the development of an in vitro toxicity screening
strategy that is based on a tiered approach to data collection combined with data
interpretation as suggested in the previous section.
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(a) Spheroid/cellular aggregate
Media
Media/saline
(b) Transwell insert
Figure 1.2. Schematic representation of the two most widely utilised three-dimensional culture
methodologies. Cellular aggregates or spheroids (a) as they will be referred to throughout this
thesis are typically spherical in nature composed of numerous individual cells that aggregate
together through rotatory assistance. The final size of the spheroid is typically dependent
on individual cell size and seeding density. The transwell insert system (b) is demonstrated
consisting of a transwell insert with a base membrane separating the well into upper (apical)
and lower (basal) compartments. Cells are typically grown in the apical compartmental to
create junctional complexes and then uptake is addressed through exposure via the apical/basal
compartment typically using media as a carrier although saline has also been reported for gills
(Stott et al., 2015).
A prudent approach to the selection of a three dimensional model is to understand
both the strength and weakness of each system. For example, spheroids which are
individual cell aggregates are arguably considered the simplest 3D construct in tissue
culture with the best physiological representation of the native tissue in comparison to
other commonly utilised models such as cells grown as monolayers, tissue slice or ex
vivo organs (for example: everted gut sac). Unsurprisingly, the latter two examples are
in short supply due to the need for technical training and use of animals (for review
see Fennema et al. (2013); Mehta et al. (2012); Vinci et al. (2012) and Hirschhaeuser
et al. (2010)). As a consequence, there has been a massive increase in usage of spheroids
over the last three decades covering a range of models including human (Ho et al., 2012;
Leite et al., 2012; Djordjevic and Lange, 2006), murine (Xu et al., 2012; Laib et al.,
2009; Ma et al., 2003), fish (Langan et al., 2016; Uchea et al., 2015; Baron et al.,
2012; Flouriot et al., 1995, 1993) and snails (Cueto et al., 2013). Unsurprisingly, the
availability of literature and research in this area has also resulted in the application
of this culture method to quantify drug uptake and diffusion (Achilli et al., 2014; Vinci
et al., 2012) and as a tool for toxicity testing in a variety of model systems (Uchea et al.,
2015; Baron, 2014; Fey and Wrzesinski, 2012; Leite et al., 2012). Despite the abundant
literature which encourages the adoption of the spheroid culture method across different
species, the model has some limitations. Kunz-Schughart et al. (2004) reports that
spheroids may represent a powerful tool for initiation toxicity assays for drug selectivity
and specificity as long as necrosis is not present when normal (non-tumour) cells are
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used. Limiting the size of the spheroid, which increases diffusion and minimises necrosis
formation is essential (Langan et al., 2016) and can play a critical role in metabolism.
In addition, mass transfer or diffusion limits as a consequence of the micro-environment
can have a deleterious effect on drug penetration and efficacy (Mikhail et al., 2013;
Venkatasubramanian et al., 2006; Glicklis et al., 2004).
Organs such as gonads or livers are masses of cells which can easily be recapitulated
in three dimensions into miniaturised forms of their native tissue, and this is reflected
in the abundant literature which use cells from these organs cultured as spheroids.
However, arguably simpler tissues such as gills, skin or intestine are more complex
to culture as spheroids as this is not their natural form. In this respect, culturing as
monolayers is a more appropriate culture system, but the application of these monolayers
over permeable supports have shown marked differences between 2D and 3D culture
methods, as they more readily recapitulate the native tissues’ complexity. As outlined
in Justice et al. (2009), filter well inserts were one of the first technologies that began to
approach a 3D-like exposure of cells to a substrate by allowing the manipulation of the
apical or basal compartment to interact with the environment. As such, this method is
particularly appropriate for elucidation of cellular route of metabolism in model organ
systems (e.g. paracellular, transcellular, etc). Until recently, the liver was considered
the major metabolic site of xenobiotic metabolism within any vetebrate species (Yoon
et al., 2012), and has been shown to recapitulate native architecture and behaviour
when cultured as spheroids (for example in rainbow trout (see Uchea et al. (2015) and
Baron et al. (2012)). As such, it is not surprising that there are minimal reviews on
the use of the Transwell insert method when compared to established systems such
as spheroids. However, other tissues have been shown to be metabolically capable.
Gill tissue grown on transwell inserts is slowly gaining in acceptance with comparable
physiological complexity and metabolic competence to native tissue (Schnell et al., 2016;
Stott et al., 2015; Wood et al., 2002; Wood and Part, 1997). In mammalian research,
the culture of intestinal tissue, and drug permeability is almost exclusively reported on
transwell inserts as schematically demonstrated in Figure 1.3, and represents the method
of choice across the pharmaceutical industry (Balimane and Chong, 2005). Despite
the physiological comparability of these models, active and comparable metabolism is
critical to their usage and thus is constantly under investigation (Cowan-Ellsberry et al.,
2008; Zhang et al., 2003).
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Uptake
Metabolites
Figure 1.3. Schematic representation of intestinal tissue/cells cultured on transwell inserts,
whereby toxins in the apical compartment are transported via numerous means to the basal
compartment where metabolites of the toxin can be collected and quantified following enterocyte
metabolism. It is thought that within the organism, these metabolites would be subsequently
transported to hepatic organs to be further transformed and excreted.
1.3 Rainbow trout use in toxicity testing
By their very nature, many fish are considered to be both prey (by humans) in addition
to predators and are therefore a choice organism for assessing the bioconcentration po-
tential of chemicals in aquatic organisms (de Wolf et al., 2007). As discussed previously,
fish are the dominant vertebrate species for the regulatory evaluation of ecotoxicity and
as such are used in large quantities. Data regarding their use within bioaccumulation
assessments is abundant (see Lillicrap et al. (2016); Weisbrod et al. (2009); Nichols et al.
(2007); Weisbrod et al. (2007); Arnot and Gobas (2004)). Within this context, the rain-
bow trout Oncorhynchus mykiss represents the most cited fish in terms of knowledge
regarding biology, carcinogenesis and metabolism. Bailey et al. (1996b) summarise their
use as an environmental tool for carcinogenesis over the last 20 years and importance
as a aquaculture species. In addition, its use as a model toxicological species is fur-
ther enhanced through the sequencing of its full genome (Berthelot et al., 2014; Palti
et al., 2012, 2011). It is unsurprising then that this animal model is now being critically
assessed in light of the principles of 3Rs.
The use of fish cell lines as an in vitro alternative to whole animal testing lags sig-
nificantly behind their mammalian counter-parts, despite almost 50 years of in vivo
surrogates for toxicity testing (Rachlin and Perlmutter, 1968). Fish cell research has
been driven by commercial aquaculture and fisheries with the purpose of identifying and
growing fish viruses for fish health studies (Wolf and Quimby, 1962). However, it was
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only in the 1990s that the use of fish cell systems became widely recognised. Since then,
an increasing number of studies have been undertaken to explore the scope and limits
of the use of fish cells for excotoxicological purposes, with Fent (2007); Eisenbrand et al.
(2002) and Bailey et al. (1996b) summarising earlier work.
In the last 20 years, in vitro assays with fish cells have been used in ecotoxicology for
testing chemicals (Dowling and Mothersill, 2001), effluents (Lee et al., 2008) and toxicity
testing (Castaño and Gómez-Lechón, 2005; Davoren et al., 2005). A review by Lakra
et al. (2011) estimates in the region of 283 fish cell lines are available, encompassing
numerous fish tissue and species, which is a substantial improvement in 5 years from the
150 fish cell lines reported by Bols et al. (2005), and yet even more cell lines are being
developed every year with recent cultures of ovarian tissues of the rockfish (Ryu et al.,
2016), adipopancreatic tissue of herring (Langner et al., 2011), pituitary tissue (Chen
et al., 2010) and cell lines to study estrogen receptor transactivation in fish (Cosnefroy
et al., 2009).
In line with their substantive use in fish bioaccumulation studies, rainbow trout repre-
sent a significant proportion of established cell lines (approximately 10 %), which are
summarised in Table 1.1. Increased knowledge about fish cells has shown that there
are many fundamental similarities between fish and mammalian cells with respect to
cellular mechanisms, and thus it is unsurprising that many studies compare fish and
mammalian systems in order to establish its appropriateness as a toxicology tool (Cas-
taño and Gómez-Lechón, 2005; Castaño et al., 2003). For example, Scholz and Segner
(1999) make direct comparisons between hepatocyte fish and mammalian systems as
a means of establishing the models appropriateness as a toxicology tool, while Basket-
ter et al. (2012) outline guidelines for method development of systemic toxicity testing
in all model systems. Many studies have shown the direct correlation of some fish cell
lines to fish lethality tests suggesting their usefulness as appropriate in vitro alternatives
(Stadnicka-Michalak et al., 2014; Tanneberger et al., 2013; Parra et al., 2012; Schirmer,
2006; Bols et al., 2005; Castaño et al., 2003). Without doubt, this cellular system could
provide the basis for the application of automated and high-throughput technologies for
ecotoxicological hazard assessment (Castaño et al., 2003), with functionality, biological
responses and metabolic competence already established for some models (Stott et al.,
2015; Eyckmans et al., 2012; Gomez et al., 2011; Papis et al., 2011). Nevertheless,
regulatory acceptance of such in vitro studies is yet to be reached, although strategies
for the integration of these methods into bioconcentration testing are constantly being
undertaken (Scholz et al., 2013; de Wolf et al., 2007; Bols et al., 2005).
Yet, established fish cell lines are not perfect, and fish systems currently used for toxi-
cological assessment are based on either established fish cell lines or primary fish cells
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which differ in their functional properties (Castaño et al., 2003), with primary cultures
of cells increasingly utilised in ecotoxicology. Cells from different tissues and species of
fish are used for the assessment of toxic mode of action of chemicals and evaluation of
environmental samples. However, the use of in vitro derived data depends on their phys-
iological relevance and therefore, the evaluation of the appropriate metabolism, target
organ, and endpoints is of utmost importance. Isolation and culture of primary cells
have been achieved from a wide range of fish tissue and aquatic models in numerous
studies, including rainbow trout liver (Baron et al., 2012; Petersen and Tollefsen, 2011;
Pesonen and Andersson, 1997), gill epithelia (Schnell et al., 2016; Dowling and Moth-
ersill, 2001; Wood and Part, 1997), pituitary, testis and ovary of medaka (Tse et al.,
2013), cod (Lester, 2007), lamprey (Ma and Collodi, 1999) and mussels (Quinn et al.,
2009). Primary cells express many of the differentiated cellular structures and functions
of their source tissue (for example Stott et al. (2015) or Uchea et al. (2015)), and as such
may be particularly suitable for mechanistically orientated studies on organ and/or cell
specific toxicant fate and action. For example, gill cells grown on permeable supports
have many features in common with cells in the intact branchial epithelia, of which the
most important is that they tolerate exposure to water on the apical side (Stott et al.,
2015; Wood et al., 2002; Wood and Part, 1997).
While numerous extra-hepatic organs (see examples in Fig 1.1) have been cultured
on mass by various authors, and established cell lines, there is an obvious absence of
intestinal culture models with only one aquatic intestinal cell line available (Kawano
et al., 2011). In addition, primary extraction of cells is sparse, with Salinas et al.
(2007) reporting on the isolation and purification of gut associated lymphoid cells from
gilthead seabream Sparus aurate, and Veillette and Young (2005a) cultured pyloric caeca
of freshwater sockeye salmon Oncorhynchus nerka, although this study does not appear
to have been repeatable. Conversely, this sparsity of intestinal cultures is not repeated
in the mammalian literature (Moon et al., 2013; Beaulieu and Ménard, 2012; Chougule
et al., 2012; Ren et al., 2011; Yoshikawa et al., 2011; Campbell, 2010; Kaushik et al.,
2008; Rusu et al., 2005; Booth and Shea, 2002; Evans et al., 1992), although is still
minimal in comparison to cells isolated from other organs. Since hepatocytes or liver
has been considered until recently as the main metabolising organ in both vertebrate
and invertebrate organisms, it is not surprising that minimal data exists on the intestine
despite its importance in basic biological processes.
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Table 1.1. Rainbow trout derived fish cell lines
Cell Line Tissue Origin Structure Author
RTG-2 Gonad Fibroblast Wolf and Quimby (1962)
RTO Gonads Fibroblastic Li and Stewart (1965)
RTH-149 Liver Hepatoma Epithelial Lannan et al. (1984)
R1 Liver Epithelial Ahne (1985)
RTL-4 Fry Livers Epithelial Watanabe et al. (1987)
Rtee Early Embryo Epithelial Collodi and Barnes (1990)
RTL-W1 Liver Epithelial Lee et al. (1993)
RTT Skin/tail Fibroblast Fernandez et al. (1993)
RTE Embryo Epithelium Fernandez et al. (1993)
RTgill-W1 Gill Epithelium Bols and Lee (1991)
RTE-2 Embryo Epithelium Fernandez et al. (1993)
RTSp-W1 Spleen Fibroblast Bols et al. (1994)
RTP-2 Pituitary Epithelium Bols et al. (1995)
RTS11 Spleen Monocyte/macrophage Ganassin and Bols (1998)
RTS34 Spleen Fibroblast/macrophage Ganassin and Bols (1999)
RTS34st Spleen Fibroblast/stromal cell Ganassin and Bols (1999)
TPS Embryonic Kidney Fibroblast Diago et al. (1995)
RTP-91E Pituitary Epithelial Tom et al. (2001)
RTP-91F Pituitary Fibroblast Tom et al. (2001)
RTHDF Skin/hypodermis Fibroblast Ossum et al. (2004)
RTG-P1 Gonads (mixed) Fibroblast Collet et al. (2004)
RTgutGC Gastrointestinal tract (distal) Epithelial Kawano et al. (2011)
STE137 Embryo Epithelial Unpublished
RTbrain-W1 Brain Epithelial Unpublished
RTL-S2 Liver Epithelial Unpublished
RTS-pBkp Transfected Spleen Fibroblast Unpublished
RTF-1 Embryo Fibroblast Unpublished
1.4 The gastrointestinal (GI) system
1.4.1 Basic biology
The fish intestine is a multifunctional organ which is well understood in terms of basic
biological parameters which has been summarised by Grosell et al. (2010). In light of
this comprehensive guide, descriptions of basic characterisation will be brief. Given its
dual use in an aquaculture and as a toxicity model, it is unsurprising that salmonids are
well characterised in terms of basic intestinal ultra-structure (Abd-Elhafez EA and Has-
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san AH, 2015; Khojasteh et al., 2009), intestinal bacteria communities (Xia et al., 2014;
Navarrete et al., 2012; Sivasubramanian et al., 2012; Komatsu et al., 2009; Furné et al.,
2008); metabolic enzyme zonation (Golchinfar et al., 2011; Xiong et al., 2011); and glu-
cose metabolism (Polakof et al., 2010; Bakke-McKellep et al., 2000; Soengas and Moon,
1998). Additionally, not only is gross morphology (i.e. presence of mucous, micro-villi
protrusions, underlying mucosa) in carnivorous fish typically conserved as demonstrated
by Figure 1.4, sub-divisions of regions by topopgraphical and morphofunctional char-
acteristics are also commonly acknowledged (Fard et al., 2007; Masaoka et al., 2006;
Nadella et al., 2006b; Uldal and Buchmann, 1996). However, it should be noted that
dependent on diet and species, the shape of the intestine can vary dramatically. For
example, Salmonidae have pyloric caeca which are dispersed at the proximal region of
the short intestine adjacent to the stomach (Figure 5.1). In contrast, omnivores such as
tilapia (which have also been described as herbivores), have an elongated longer tubular
structure (see Tengjaroenkul (2000)) to aid in the digestion of plant material. In it im-
portant to note that despite differences in gross shape of the intestine, the identification
of multiple segments or regions in the intestine is consistent across species irrespective of
shape or diet. Highlighting the comparability of species, Bernard et al. (2006) reported
on the phenotypic and functional similarity of gut immune response between fish and
mice. However, it should be noted that this list is not exhaustive and that metabolism
will be examined in detail in later sections.
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Figure 1.4. Haematoxylin and Eosin stained intestine of rainbow trout. L= lumen, MV =
intestinal villi, M= mucosa , SC= stratum compactum, SG= stratum granulosum, CM= circular
muscle, S= tunica serosa Scale bar=100 µm.
1.4.2 Uptake and metabolism
Until recently, little attention has been paid to metabolism in extra hepatic organs
such as the intestine, with the assumption being that the morphology and activity of
the intestine was comparable between species and that the liver was responsible for
all xenobiotic metabolism within a organism. As a consequence, when the intestine is
compared to liver (across various species), limited information is comparatively known.
Outside of the intestine’s obvious importance in nutrient uptake, it also plays a crucial
role in drug metabolism since most drugs which are ingested or administered orally are
absorbed in the gut and taken to the liver via the portal vein. The high concentration
of xenobiotic-metabolising enzymes located in the epithelial cells of the GI tract across
species is responsible for the initial metabolic processing of most medications and as
such should be considered the initial site for first pass metabolism of drugs (Gonzalez
and Tukey, 2010). Due to the high demand for accurate drug discovery models, much
is known about the human intestine and its associated murine models. Basic biology of
these models can be found in the literature covering biology in terms of differentiation
(van der Flier and Clevers, 2009), intestinal innate defence (Deplancke and Gaskins,
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2001) and tight junction formation (Anderson and Van Itallie, 2009; Hollande et al.,
2003).
The intestine represents a major site for exposure to environmental chemicals in both
animals and humans, and as such many reviews exist which address basic metabolism
in human systems (Kaminsky and Zhang, 2003; Tuma and Hubbard, 2003; Thummel
et al., 1997). Despite its importance as a determinant of oral bioavailability, and hence
for biokinetics in the body for a given chemical, metabolism in the intestine has re-
ceived substantially less attention when compared to the liver and other extra-hepatic
organs across numerous species (Yoon et al., 2012). The importance of pharmaceutical
uptake in the human intestine and its impact on toxicity was recognised in the early
1990s, and naturally this is reflected in the literature with numerous reports on the
roles of metabolic enzymes and intestine associated transporters (Peters et al., 2016;
Gavhane and Yadav, 2012; Martignoni et al., 2006; El-Kattan and Varm, 2012; An-
dorfer et al., 2004; Pang, 2003; Hunter and Hirst, 1997; Thummel et al., 1997). In
addition, reviews have also summarised the impact that food drug interactions can
have on intestinal uptake (Bushra, Rabia; Aslam, Nousheen; Arshad, 2011). Numerous
factors affect the passive drug permeation of lipophilic drugs from the intestinal lumen
into the organism as summarised in Liu et al. (2011). Adapted from Balimane and
Chong (2005), Figure 1.5 aims to diagrammatically simplify some of the major routes
of uptake. Briefly, transport of drugs across the intestinal membrane (in any species) is
dynamic and multifaceted process that includes the passage of compounds across several
functional pathways in parallel. Some processes can occur passively via the cell mem-
brane (transcellular) or via the tight junctions (paracellular). There are also various
influx (carriers) and efflux (transporter out of cell) mechanisms that additionally dictate
the permeability of compounds. The uptake of such compounds can lead to biotrans-
formation which is essential convert lipophilic chemicals to water-soluble and readily
excreted metabolites. As summarised in reviews by both Wilk-Zasadna et al. (2015)
and Omiecinski et al. (2011), major classes of biotransformation enzymes include the
cytochrome P450 (CYP) family, glutathione S-transferase (GST), epoxide hydrolases
(EH) or uridine disphosphate glucuronosyltransferase (UGT), the presence of which
have all been observed in the human intestine. Additionally, intestinal uptake is further
complicated by the presence of gradients of metabolic activity along the length of the
intestine in both murine (Masaoka et al., 2006) and fish systems (Nadella et al., 2006b;
Handy et al., 2000). Within the aquatic system, the barrier function of the intestine is
summarised in comprehensive reviews by Jutfelt (2011) and Jutfelt et al. (2006). Ob-
served trends in general metabolism described above are also relevant to fish intestinal
systems, yet complexity is also added into these systems through the presence of pH
gradients along the intestine as reported by Fard et al. (2007) andUldal and Buchmann
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(1996) and in enzymatic activity (Tengjaroenkul, 2000). Fard et al. (2007) reported a
range of pH dependent on intestinal region with respect to the impact these pH’s would
have on intestinal parasite infestation. With respect to intestinal regions, this resulted
in a mean pH range of 7.2 ± 0.3 for pyloric caeca, 7.7 ± 0.3 for anterior, 7.7 ± 0.3 for
the mid and 7.4 pm 0.4 for the posterior region, respectively. This range of pH’s could
arguably great niche micro-environments for xenobiotic metabolism based on the chem-
istry of the contaminant and may account for the varaibility in results observed in vivo
when compared to in vitro in other animal models. Active uptake of compounds from
the environment is arguably more complex then in other animal systems and this has
been incorporated into mathematical modelling approaches as will be discussed later.
Cytochrome CYP3A is known to be localised in both the liver and intestine of verte-
brates (van Herwaarden et al., 2009), and unsurprisingly is also the most reported in
fish intestine studies (Christen et al., 2009; James et al., 2005; Lee and Buhler, 2003; Lee
et al., 2001), although instances of intestinal CYP1A activity have also been reported
(Sanden and Olsvik, 2009).
Apical
Basolateral
Enterocytes(a) (B) (c) (d) P-gp (e)
(a) Transcellular passive permeability
(b) Carrier mediated transport
(c) Paracellular passive permeability
(d) Limited by P-glycoprotein
(e) Inherent metabolic enzymes
Figure 1.5. Schematic representation of some of the known absorption pathways present in the
intestine denoted by coloured shapes indicative of compound with different cellular pathways
through or between enteroytes (a-e). For example, paracelllular passive transport is indicated by
(c) whereby molecules are passively transported through the intercellular space between cells.
This transfer of substances between compartments does not require substantive quantities of
energy, and is passive down a concentration gradient. Image has been adapted from (Balimane
and Chong, 2005).
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1.5 Animal alternatives in dietary uptake
Animal testing, such as OECD 305 (OECD, 2012a), is the gold standard for determining
dietary uptake of nutrients or xenobiotics though this is expensive, time consuming
and subject to ethical and societal considerations. As reviewed and summarised in
Corcoran et al. (2010), fish may become exposed to numbers xenobiotics stressors such
as pharmaceuticals in their multitude of forms in the aquatic environment resulting in
biological adaptations which will necessitate testing of toxicity effect. As a consequence,
numerous animals would be required and so researchers have developed a plethora of
models ex vivo, in vitro or in silico that are thought to simulate physiological conditions
to estimate the uptake of xenobiotics from matrices such as water, food or soil, and
this have been reviewed in detail in Peters et al. (2016). Techniques which assess
absorption or uptake using cell culture methods or mathematical modelling are less
laborious, cheaper and in line with the 3Rs ethical guidelines. In context of the above
information, opportunities exist (and are encouraged) to challenge existing practices in
addition to exploring and developing the use of alternatives to in vivo testing. Some of
these existing alternative methods are now discussed.
1.5.1 Ex vivo models
Ex vivo tissue experiments in general refer to three different methodologies, precision
cut slices as demonstrated in Estes et al. (2010); Ussing chamber as demonstrated
in Ringø et al. (2004); and the "gut sac" model which represents the gold standard
(established in the 1950s). These methods are used for isolated investigations (out of
body) of simplified intestinal systems that allow the fate of the xenobiotic or compound
to be studied from the lumen and crossing the epithelial tissue. It is thought that
this method allows for the maintenance of tissue viability and integrity and has been
adopted in numberous animal models due to this method representing the closest to
the organisms native intestinal condition. In murine systems, this approach has been
used to elucidate intestinal first pass metabolism of numerous compounds relative to the
CYP3A pathway (Matsuda et al., 2014), and more specifically in intestinal metabolism
of propranolol (Masaki et al., 2006; Okabe et al., 2004), dexamethasone (Jin et al., 2006),
rifampicin (Mariappan and Singh, 2004) and cyclosporin A (Fricker et al., 1996). The
use of the “gut sac" model is not restricted to the murine system, and has been applied
in fish to understand the immune system (Gomez et al., 2013; Fuglem et al., 2010)
in addition to elucidation of uptake of nickel (Leonard et al., 2009), copper (Nadella
et al., 2011; Minghetti, 2009; Minghetti et al., 2008; Nadella et al., 2007, 2006b,a; Handy
et al., 2000), cadmium (Klinck and Wood, 2011; Klinck et al., 2009; Ojo and Wood,
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2007), zinc (Glover and Hogstrand, 2002) and titanium (Al-Jubory and Handy, 2013).
However, studies using this method to study pharmaceutical uptake in the aquatic
system are largely absent. Conversely despite their widespread use, a review by Alam
et al. (2012) on the use of the gut sac model as a tool in pharmaceutical research
highlights some of the fundamental limitations of this method, including limited viability
of method under in vitro conditions (maximum of 12 h), loss of enzymatic activity with
time, limited sampling time points due to the viability constraints.
Traditionally, the toxic effects of xenobiotics on these complex, heterogeneous structures
have been difficult to model in vitro and so have been primarily assessed in vivo (dietary
or flow through studies for fish) or ex situ (gut sac). Evolving continuously, primary
cultures represent a novel method to address some of the issues described above, and
have been shown to express many of the differentiated cellular structures and functions
of their source tissue. Randall et al. (2011) and Kaeffer (2002) have summarised meth-
ods and applications of intestinal tissue cultures since the first primary culture of the
gastrointestinal tract in the late 1960s. Naturally with such a long history, new pri-
mary cultures of murine origin are evolving continuously. For example, recent progress
has been made in the culture of tissue derived from murine species (Goodyear et al.,
2014; Moon et al., 2013; Vargas et al., 2012; Ren et al., 2011; Ootani et al., 2009; Ya-
mada et al., 2009; Lobo et al., 2007; Fukamachi, 1992), macaques (Pan et al., 2012),
human (Chougule et al., 2012; McCracken et al., 2011), chicken (Yuan et al., 2015),
procine (Hansen et al., 2000) and bovine (Kaushik et al., 2008; Rusu et al., 2005) ori-
gin. Indeed, Goodyear et al. (2014) carefully evaluated primary culture methodology
of intestinal tissue in order to improve and standardise culture conditions to better un-
derstand complex interactions between diet, gut and microbiota. In addition, numerous
manuals and reports exist to assist in successful culturing of human and mammalian
intestinal cells (Beaulieu and Ménard, 2012; Kaeffer, 2002; Evans et al., 1992). Yet de-
spite the abundance of success reported in the mammalian literature, studies in which
primary intestinal cells successfully isolated from fish are limited to three studies, that
of Theodosiou and Parton (2012) in fetal lamprey, Veillette and Young (2005b) who
cultured the pyloric caeca of salmon once, and Kawano et al. (2011) who successfully
cultured the proximal intestine of rainbow trout which spontaneously immortalised to
become a cell line (RTgutGC). As a consequence, the culture of intestinal tissue from
the aquatic environment in a physiologically comparable form to the native tissue needs
to be a priority in order to minimise animal usage in line with the 3Rs principles.
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1.5.2 In vitro models
Numerous in vitro models are available driven predominantly by the pharmaceutical
market which needs to evaluate permeability of molecules at early stages of drug devel-
opment in order to select the best candidates. In vitro tests are performed in controlled
environments outside of the organism in test tubes or Petri dishes. The use of such
a method allows for the investigation and characterisation of minute changes at the
cellular level in isolation, allowing for improvements in compound development to occur
quickly. A review by Quaroni and Hochman (1996) summarises intestinal cell culture
models and reports on three promising intestinal models which may be used as an ani-
mal replacement in the future. Over two decades, numerous research has addressed the
limitations of these models and new models have been developed in order to make in
vitro systems more realistic, and representative of the in vivo physiology. As a direct
result of this applied focus in improving intestinal models, Buckley et al. (2012) and
Trapecar and Cencic (2012) have summarised the application of these in vitro models
in the study of food science and nutrition. In addition Langerholc et al. (2011) recaps
on the application of these models to drug permeability. Finally, Chopra et al. (2010)
condenses available intestinal epithelial cell lines and proposes a new avenue to explore
namely in the development of cell lines which would allow the study of differentiation
of cells. Today, cell culture models strike the right balance between predictability and
throughput and thus are the methods of choice for permeability assessment across the
pharmaceutical industry. Within drug permeability studies, the Caco-2 model derived
from a human colorectal adenocarcinoma, represents one of the most cited intestinal
models (Sambuy et al., 2005) with numerous modifications to improve its repeatability
to the native tissue (Takenaka et al., 2016; Nollevaux et al., 2006; Korjamo et al., 2005;
Grajek and Olejnik, 2004; Prime-Chapman et al., 2004). Indeed, one such improvement
that is being incorporated on mass is the culturing of these cell lines in three dimen-
sions as previously discussed or co-cultures as demonstrated by Chen et al. (2015), Le
Hégarat et al. (2012) and Leonard et al. (2010) in order to increase complexity of the
system. In line with the increased usage of these models is the reporting of in vitro to
in vivo comparisons and extrapolations which have been demonstrated for lead in hu-
man systems (Van de Wiele et al., 2007) and in comparable efflux transporters for drug
permeability (Zhang et al., 2003). However, intestinal derived cell lines are constantly
under development such as demonstrated by Kanaya et al. (2008). In comparison, stud-
ies which have successfully established cell lines from the intestinal tract derived from
species which exist in aquatic environment are limited to one, that of the RTgutGC
(Kawano et al., 2011), and as such this area is in desperate need of further focused
development.
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1.5.3 In silico models
There are several challenges associated with the determination and extrapolation of in
vitro intestinal metabolism in vivo. As a consequence of these difficulties and utilising
the large understanding of chemical structure, and oral bioavailability and drug absorp-
tion in human systems, mathematical models have been developed which aid in the
description of trophic transfer of compounds in food chains. Computer based (in silico)
models are widely used to estimate chemical bioaccumulation. Recent developments
in in silico predictions of intestinal absorption and oral bioavailability within human
systems have been rapidly produced due to the need for tools that can eliminate inap-
propriate compounds in a high throughput fashion at minimal cost (Heikkinen et al.,
2010; Hou et al., 2009). Within the literature, numerous studies demonstrate examples
of in silico predictions of intestinal absorption of food uptake (Czub and McLachlan,
2004) and soil contaminants (Oomen et al., 2003), in addition to uptake from the
aquatic systems (Arnot and Gobas, 2004; Nichols et al., 2004b; Gobas et al., 1993).
The extension of this method to aquatic systems has been only recently applied, with
the complexity and variety of uptake routes only recently being investigated. Arguably,
the application of these models to predict aquatic intestinal absorption in fish suffers
in terms of reliability due to the minimal corroborating in vivo or in vitro studies. In-
deed, when first proposed, computer based models treated the contents of the GI tract
as a single well-mixed compartment (Nichols and Foster, 1994), which did not allow
for incorporation of the kinetic phenomenon that can occur in specific gut regions as
previously suggested in earlier sections.
This phenomenon was later incorporated by Nichols et al. (2004b) and a companion
report demonstrating its application in predicting chemical uptake produced (Nichols
et al., 2004a). Nichols et al. (2007) later followed this up, and utilising chemical predic-
tions from invertebrates and mammals models investigated similarities and differences
in chemical predictions across the gill and gut of fish. However, the minimal avail-
ability of intestinal models outside of OECD toxicity tests to corroborate predictions
limits their widespread usage. In the drive to increase the effectiveness of evaluation of
bioaccumulation in fish, the combined or tiered use of in silico and in vitro models has
been suggested in order to reduce animal usage by understanding cellular mechanisms
of action prior to OECD testing (Lillicrap et al., 2016). Yet, while this may be viewed
as a novel commentary in aquatic toxicity, this was previously suggested and applied by
Leite et al. (2012) who used in silico models to analyse 3D constructed in vitro data from
a hepatocyte model, and by Nichols et al. (2007) who proposes a comparable “decision
tree" approach in fish systems. In order to drive the incorporation of these techniques
into mainstream decision making processes, in vitro studies of intestinal absorption of
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numerous compounds needs to increase dramatically, ideally utilising models which ac-
count for variation in kinetic uptake between the intestinal regions as outlined in the
models (Nichols et al., 2007).
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1.6 Study Aims
The work described herein is based on the establishment of culture methods and models
to address dietary uptake of compounds from the aquatic environment and to probe the
in vitro and ex vivo models response to environmental and pharmaceutical toxins. As
such, the selection of benzo[a]pyrene (B[a]P) (Chapter 3) and copper (Cu) (Chapter 4)
as test compounds were based on physiochemical properties and the established mode of
uptake already characterised in the fish intestine (Curtis et al., 2011; Klinck and Wood,
2011; Nadella et al., 2006b; Kleinow et al., 1998). Based on observations from these
two chapters, a method to isolate fish enterocytes from previously uncultured intestinal
regions was developed (Chapter 5). The model was subsequently tested for metabolic
activity and toxicity assessed using model toxins. Finally, we examine some outstanding
issues with regards to other 3D culture models which may limit the potential co-culture
of various primary cells together (e.g. liver spheroids and intestine). A limiting factor to
the acceptance of non-tumour derived spheroid cultures has been the lack of information
regarding the formation of micro-environments and whether these micro-environments
play any role in the xenobiotic metabolism of these systems (Chapter 6 and Chapter
7). As a consequence of the broad aim of this project, this thesis was carried out in the
laboratory utilising a set of fish cell lines, namely RTG-2 and RTgutGC, and primary
extracted enterocytes cultured as required.
In 1990, Barltrop and Brueton summarised a review on toxicity testing in the gastroin-
testinal tract with respect to humans by saying, "new approaches to toxicity testing
and safety involving the gut should, however, take account of its highly dynamic nature
and overall lack of structural and functional homogeneity". This review arguably estab-
lishes a roadmap of requirements necessary for intestinal toxicity testing, irrespective
of vertebrate species. In addition, the study highlights the novelty of the incorporation
of the intestine into toxicity testing, despite the fact that it is one of the first points
of contact for uptake of any compound (outside of the gill). Given the data previously
summarised, it is not surprising that there are numerous challenges associated with
studying the dietary uptake of chemical compounds within the fish system, especially
given the minimal focus on metabolic activity outside of nutrient requirements. As such,
this PhD project addressed many of the gaps described above.
For the first time, the development, validation and understanding of the benefits and
limitations of the application of 3D models of the fish intestine, and their physiological
comparability to native intestinal tissue will allow more accurate predictions of up-
take and biotransformation. This will be invaluable for understanding and elucidating
the risks dietary uptake of anthropogenic compounds can pose to fish and the aquatic
environment. The core hypothesis behind this thesis were:
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• An in vitro aquatic intestinal model can demonstrate comparable physiological
form relative to the native tissue, in addition to biochemical and metabolic re-
sponse. This is especially important if the intestinal model is to be used as an
animal alternative/replacement in toxicity testing.
• The lack of intestinal cultures within the aquatic systems is related to differing
culture procedures required per region and age of fish. As such, through careful
modification of isolation procedures which are region dependent, a primary in
vitro intestinal model can be developed and demonstrate comparable xenobiotic
metabolism to established in vivo studies. This is an essential addition to the
intestinal in vitro model, as the cell line originates from the proximal intestine
near the rectum, and so may not reflect the increased xenobiotic capacity of the
distal intestine (pyloric caeca and anterior) which is know to absorb up to 70%
of ingested material. In addition, the culturing of all intestinal regions of the
rainbow trout GI tract will allow for investigations into region specific transit and
xenobiotic metabolism of a variety of different compounds.
• The development of three dimensional constructs of fish tissue, irrespective of
origin, would show minimal micro-environment formation and be physiologically
and metabolically comparable to the native tissue due to this development
In order to test these hypotheses, the following objectives were set:
• to explore the absorption of selected environmental compounds (B[a]P) from the
medium into the RTgutGC cells and investigate physiological comparability and
metabolic competence of this model as an environmental monitoring tool (Chapter
3);
• to determine the physiological comparability of the in vitro intestinal model to
native intestinal tissue by testing the comparability of this system under environ-
mental exposure scenarios using Cortland saline and determining if complexity
could be increased through pH modifications (Chapter 4);
• to explore the influence of various culture methodologies on the successful at-
tachment of the intestine with respect to both the region and the age of the fish
and standardise culture methods to use for future toxicity testing. In addition,
evaluate metabolic capacity of these proposed systems with pharmaceuticals with
respect to intestinal region and size of fish (Chapter 5);
• to explore micro-environment formation within spheroid systems with respect to
different cell lines as a precursor to co-culturing of different tissues models in the
future (Chapter 6); and
23
1. Introduction
• To determine what impact this micro-environment formation has on the metabolic
capacity of the three dimensional system (Chapter 7).
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2.1 Chemicals and medium
Leibovitz’s medium (L-15), Minimum essential medium (MEM), Non-essential amino
acids (NEAA), fetal bovine serum, trypsin (0.25 %), versene and Hanks balanced salt so-
lution were obtained from Life Technologies (UK). Trypan blue solution (0.4%), Poly(2-
hydroxyethyl metacrylate)(pHEMA) and other chemicals, reagents and kits were ob-
tained from Sigma-Aldrich (UK) unless otherwise indicated.
2.2 Monolayer (2-D) culture
2.2.1 RTG-2 cell line
The rainbow trout gonad cell line (RTG-2) was obtained from ATCC as CCL-55, and
was one of the first aquatic cell lines developed (Wolf and Quimby, 1962). The routine
growth of the cell line was previously described by Casado et al. (2013), with some slight
modifications. Briefly, cells were maintained in MEM supplemented with 10% FBS
and 1% NEAA. Flasks were injected with 3-9 mL (flask size dependent) of CO2 (5%)
dependent on size of flask, before being placed in a refrigerated incubator at 20◦C under
normoxic atmosphere. To allow the cells to attach to the culture flasks, particular care
was taken to not disturb the cells during the first 24 hrs after passage. When the cells
had reached over 70% confluency and formed a dense monolayer (usually 4-6 days), the
25
2. Methodology and Method
development
flasks were rinsed with 5 mL of PBS three times. After rinsing, the cells were suspended
in 1-3 mL (dependent on flask size) of 0.25% trypsin solution supplemented with versene
for 2 min at room temperature, with gentle agitation. Cells were subsequently seeded
at a 1:2 ratio. Cells were regularly frozen to allow for the collection of cell line stocks,
and stored in a medium containing MEM with NEAA, 20% FBS and 10% DMSO at
-80◦C.
2.2.2 RTgutGC cell line
The rainbow trout gastrointestinal cell line RTgutGC (Kawano et al., 2011) was a kind
gift from Dr. Lucy Lee (University of Fraser Valley, Canada). The cell line originated
from an explant culture of the mid and posterior region of the intestine and sponta-
neously immortalised. The cell line was received and passaged six times, and the stock
frozen in L-15 medium with 20% FBS and 10% DMSO at -80◦C in order to attain
a sufficient quantity of stock for later experiments. Explicit passages utilised during
experimental methods will be reported in each individual chapter.
The cell line was routinely cultured in 75 cm2 culture flasks in a temperature controlled
incubator set to 21◦C in L-15 culture medium supplemented with 10% FBS. Cells were
routinely seeded at a density of 5×104 cells/mL, and not as a ratio of 1:3 as reported in
the literature. This is due to an inhibition of growth of this cell line under higher cell
seeding densities. Typical growth of the cell line is demonstrated in Figure 2.1, where
once the cells had attained a confluency of 70% usually after 7 days (Figure 2.1b),
the flasks are rinsed with PBS to remove FBS and treated with 0.25% typsin solution
supplemented with versene for 2 min under microscopic observation.
(a) Day 1 (b) Day7
Figure 2.1. Establishment of epithelial cell cultures derived from the RTgutGC cell line. Individ-
ual epithelial cells (5× 104 cells/mL) were seeded onto standard cell culture plates. Attachment
was observed within 24 hrs, with cells typically confluent after 7 days. Scale bar represents 100
µm.
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2.2.3 Cell viability
In each experiment outlined in this study, cell viability was assessed prior to seeing
using the Trypan Blue (T8154, Sigma) exclusion method. Briefly, a sub-sample of
cells collected during the trypsin treatment were transferred to a tube and 100µl of
tryphan blue was added at a 1:1 ratio. The mixture gently was gently mixed and left
to incubate for 2 min. After mixing, the cells were transferred to a hemacytometer and
examined under a microscope under low magnification. Cells which take up tryphan
blue are considered non-viable and counted in addition to the total number of cells. The
following equation was used to calculate percentage viable cells:
%viablecells = [1.00− blue− cells
total − cells) ] ∗ 100
2.2.4 Growing cells on Transwell inserts
Insert characterisation
As intestinal cells were going to be grown on Transwell inserts in order to encourage
cellular polarity comparable to the native tissue, baseline information about the to-
pography was required prior to the addition of primary cells. In this instance, the
topography of the Falcon Transwell insert was mapped using SEM (Figure 2.2c) as
outlined in Section 2.3.3 and using the intestinal cell line (RTgutGC) as a surrogate
for monolayers of primary intestinal cells. Non-specific binding of Crystal Violet to
the insert membrane was carried out as per Section 2.3.1.3 with Figure 2.2d showing
the rough irregular membrane surface. In order to identify the most appropriate in-
sert structure to use (Greiner 665641 versus Corning inserts sold by Fisher 734-0051),
RTgutGC cells (passage 18 and 20) were seeded onto 12 well inserts at a seeding den-
sity of 5×104cells/mL and allowed to grow for 5 days before fixation and staining with
Crystal Violet. As shown by Figure 2.2a & b, the Falcon insert has noticeably more
adherent cells then the Greiner inserts. This may be due to different surface treatment
of the membrane, but has not been investigated further. Due to the obvious differences
in attachment and growth of intestinal cells, the Corning inserts were subsequently used
for all primary cultures and later chapters utilising Transwell inserts.
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(a) Greiner Insert (b) Corning Insert
(c) SEM (d) Crystal Violet
Figure 2.2. In order to chose the most appropriate porous membrane to grow intestinal cells on,
two Transwell inserts from different manufacturers were characterised. The RTgutGC cell line
was grown to confluency, passaged and seeded at equal densities onto the inserts and allowed
to grow for 5 days. Thereafter, inserts were stained with crystal violet to clearly observe any
differences in attachment and growth. Interestingly, the Greiner insert (a) shows markedly less
attachment and growth then the conventionally used Corning insert (b) sold by Fisher. Baseline
information about the topography of the membrane was also recorded via SEM (c) and Crystal
violet staining (d) for the corning insert in order to aid in identification of any unusual features
of primary growth later on. Scale bar = 100 µm (a & b) and 50 µm (d).
Trans-epithelial resistance (TEER)
Prior to experiments, the integrity of the culture monolayer (intestinal cell line and pri-
mary cells) was quantified by measuring the transepithelial electrical resistance (TEER)
using a EVOM epithelial voltohm-meter equipped with a chopstick electrode (World
Precision Instruments, Hertfordshire, UK). In order to establish a protocol, RTgutGC
cells were seeded onto the apical compartment of a 12 well Transwell inserts at an initial
seeding density of 5×104 cells/mL, and allowed to attach and grow. Initial recordings
demonstrated high variability associated with a ’leaky’ intestine. Thereafter, it was
decided to move to the more sensitive Endholm 12 culture cup system to decrease vari-
ability.
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2.3 Microscopy
2.3.1 Histological characterisation
2.3.1.1 Haemtoxylin and Eosin staining
In order to qualitatively assess the effectiveness and optimal incubation time of enzy-
matic digestion processes during the primary isolation of intestinal epithelial cells, tissue
sections throughout the isolation procedure were removed for later histological process-
ing. The process was initially optimised on undigested tissue, and then later utilised on
partially digested tissue. The outlined procedure was subsequently used for any stain-
ing of whole tissue. Briefly, tissue was collected during primary isolation procedures
and fixed for 24-48 hrs (size dependent) in 4 % Formol saline. Thereafter, tissue was
processed as per a standard protocol through various concentrations of ethanol, xylene
and paraffin (See Table 2.1. Tissue was embedded in paraffin blocks and sectioned at 4
µm for further staining. Thereafter, tissue was stained with haematoxylin and eosin as
per standard protocol outlined in Table 2.2 to identify various layers in the intestine,
with slides cover-slipped with DPX in fume cupboard and allowed to dry for 48 hrs.
The methodology outlined was optimised to work with tissue sections from rainbow
trout Figure 1.4 and in cells cultured as spheroids which will be demonstrated in later
chapters.
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Table 2.1. Standard protocol for parrafin infiltration of fixed biological specimens under gently
agitation. Industrial Methylated spirit has been shorted to IMS.
Reagent Duration
60% IMS 1 h 0 min
90% IMS 1 h 0 min
100% IMS 1 h 0 min
100% IMS 1 h 0 min
100% IMS 1 h 0 min
100% IMS 1 h 30 min
Histolene 0 h 30 min
Histolene 1 h 15 min
Histolene 1 h 15 min
Parrafin wax 1 h 0 min
Parrafin wax 2 h 30 min
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Table 2.2
Reagent Duration
Histolene 2 min
Histolene 2 min
100 % Absolute Alcohol 2 min
100 % Absolute Alcohol 2 min
90 % Absolute Alcohol 2 min
90 % Absolute Alcohol 2 min
70 % Absolute Alcohol 2 min
70 % Absolute Alcohol 2 min
50 % Absolute Alcohol 2 min
50 % Absolute Alcohol 2 min
Haematoxylin 20 min
Tap water 2 min
Lithium Carbonate 5-10 sec
Acid alcohol (1 %) dip
Lithium Carbonate 5-10 sec
Distilled water 2 min
Eosin 30 sec
Distilled water 2 min
100 % Absolute Alcohol 10 sec
100 % Absolute Alcohol 2 min
Histolene 2 min
Histolene 2 min
Histolene 2 min
2.3.1.2 Periodic acid-Schiff staining
Goblet cells are common components of the post-gastric mucosa in fish, and are the
dominant mucous cell type in the intestine of fishes (Banan Khojasteh, 2012; Kho-
jasteh et al., 2009). The intestinal goblet cells of many teleost species synthesize and
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release neutral and sulphate mucosubstances/mucins, and sialomucins containing sialic
acid (Sundh, 2009). The mucous secreted has many functions, including the lubrica-
tion of undigested materials for onward progression into the rectum, osmoregulation,
and is possibly associated with the regulation of the transfer of proteins (or fragments
of them), as well as of ions and fluids. Neutral compounds are especially important
in enzymatic food digestion, formation of food mass and absorption of nutrients. Ba-
nan Khojasteh (2012) noted that in many fish species, the number of neutral mucous
compounds increases from the pyloric caeca to the rectum, with the suggestion that the
increased number of goblet cells in the rectum may imply the need for increased mucosal
protection and lubrication for faecal expulsion. PAS (Periodic Acid-Schiff) staining is
one of the most widely used chemical staining methods in histology for staining non-
substituted polysaccharides, neutral mucopolysaccharides, and muco-and glycoproteins,
in addition to glycol- and phospholipids. When PAS staining is combined with Alcian
blue, this allows the additional identification of acidic mucosubstances, which are impor-
tant in the basic function of the gastrointestinal tract. All incubations steps hereafter
occurred at room temperature unless otherwise indicated. In order to ascertain the
degree to which the in vitro cell line differs from tissue which it originates from, the
cell line was stained with PAS to identify if the two models show comparable staining
intensity.
Paraffin embedded tissue sections (as outlined in Section 2.3.1.1) were incu-
bated through various concentrations of xylene and ethanol to remove paraffin. There-
after, tissue was incubated for 30 min with Alcian Blue solution (1% Alcian Blue in 3%
acetic acid, pH 2.5) followed by washes in distilled water and then tap water. Tissue
was oxidised in 1% aqueous periodic acid for 5 min, and then twice washed in tap water,
followed by distilled water. The tissue was counter stained with Schiff’s reagent for 20
min, and washed three times in tap water. Tissue integrity was preserved using DPX
mountant medium and cover slipped. Comparative distribution of mucosubstances in
intestinal regions was observed, with a prominent mixture of both acidic and neutral
mucosubstances visible in the mid and posterior region as seen in Figure 2.3.
Epithelial cells (in vitro or cell line) were allowed to grow to confluency and fixed
in Formol saline for 5 min before being replaced with Alcian Blue solution (1% Alcian
Blue in 3% acetic acid, pH 2.5) and incubated for a further 30 min. Following this,
the monolayer was washed firstly in distilled water (×2) and then in tap water (×2).
Cells were oxidized in 1% aqueous periodic acid for 5 min, and then twice washed in tap
water, followed by distilled water. The cells were counter stained with Schiff’s reagent
for 20 min, and washed three times in tap water before being allowed to air dry. Results
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indicate that the gastrointestinal cell line stains strongly for neutral mucosubstances
(Figure 2.3) as would be expected from this region of the intestine which may require
increased mucosa protection and assistance in lubrication during faecal expulsion.
2.3.1.3 Crystal Violet Staining
Figure 2.4. Confluent
RTgutGC cells grown and
stained with crystal violet.
Scale bar= 50 µm.
The standard crystal violet stain is regarded as a quick
method of estimating total cell number and attachment,
with intensity of stain considered to be directly proportional
to the number of cells present (Booth and Shea, 2002). Due
to difficulty in observation of cell growth on Transwell in-
serts, the crystal violet stain was utilised as a surrogate for
the direct visualisation of cell growth and differentiation
prior to more complex analysis via TEM/SEM or other such
analysis. Following the protocol of Booth and Shea (2002),
RTgutGC cells were plated as usual into 12 well Transwell
inserts and allowed to grow for 7-9 days. The medium was removed, the cells washed
twice to remove detritus and FBS residue and cells fixed in 2% glutaraldehyde made in
HBSS (H8264; Sigma) for 2 h. The fixative was removed and cells were washed twice in
70% ethanol and air dried for 3 min. Crystal violet (0.1% in 100 mL dH2O; ARCOS)
was added to each well/Transwell insert and incubated for 5 min. Excess stain was
removed by washing in distilled water, and stained cells were examined microscopically
at this point to determine attachment. For an example using the RTgutGC cell line,
see Figure 2.4.
This method is complicated when intestinal cultures are the model system to be stained
due to the potential presence of contaminating fibroblasts. Booth and Shea (2002) rec-
ommend the adjustment of pH to a lower level such as 2.8 when dealing with intestinal
cultures which may have numerous cell types, as this pH has been shown to have in-
creased epithelial specificity. Due to the nature of primary cultures, and the difficulty
of producing a pure culture of a single cell type, this pH adjustment was utilised in
primary culture staining in the work described in later chapters.
2.3.2 Monitoring of junctional formation in epithelial
cells
Tight-junctions are typically found in epithelial and endothelial cellular sheets located
between various cell types and facilitate cell-cell connections and communications by
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(a) Pyloric (b) Anterior
(c) Mid (d) Posterior
(e) In vitro mid culture (f) RTgutGC culture
Figure 2.3. Micrographs of mucosubstance abundance in the rainbow trout gastrointestinal tract
defined by region and stained with periodic acid Schiff reagent. In addition, both the primary
in vitro region derived from the mid intestine and the RTgutGC cell line is also represented.
Note the comparative intensity of staining between the intestinal regions with an obvious trend
of minimal acidic mucosubstances (denoted by the deep blue) present in the pyloric and anterior
region when compared to the mid and posterior. It is important to recognise that while the in
vitro models (E&F) are by far a simpler intestinal construct, they too stain positively for mu-
cosubstances with a predominantly weak stain for neutral mucosubstances in the mid intestine.
Scale bar is equivalent to 100 µm (a-d) and 50 µm (e-f).
acting as the primary barrier to the diffusion of molecules/solutes through intercellular
34
2. Methodology and Method
development
space (Tsukita et al., 2001) (Figure 1.5). In the gastrointestinal tract, tight junctions
do not represent a rigid barrier (hence the term leaky gut), but rather a fence which
regulates the passage of ions, water and other molecules as well as immune cells through
the paracellular pathway (Sundh, 2009). Enterocytes are connected on the apical side
of the membrane via these tight junctions (TJ) and thereby generate a polarity to
the epithelium. They consist of a network of claudins, occludins, junction-associated
proteins (JAM) and other proteins. The claudins and occludins forms the backbone
of these TJ, while JAM appear to be important for controlling the traffic of immune
cells as will be explained in the next section. Tight junctions are typically identified
singularly or by a combination of ultra-structural evaluation via electron microscopy
or high trans-epithelial resistance measured via probes (For examples see Stott et al.
(2015) or Ye et al. (2015)).
2.3.2.1 F-actin
Actin is an essential cell component which exists in virtually all eukaryotic cell types
and exists in two forms either as a globular monomer (G-actin) or a filament form (F-
actin, a polymer). F-actin is known to be involved in the formation of the cytoskeleton,
remodelling to facilitate membrane fusion, cell movement or migration, cell-cell binding
and signal transduction (Xu et al., 2012). In the intestine, the F-actin cytoskeleton is
an intrinsic and essential pathway in junctional regulation in the intestine, and is known
to play a major role in firm initial cell-cell contacts (Xu et al., 2012).
In order to assess the intensity of this essential component in our study model, it was
first optimised in the RTG-2 gonad cell line, and later in the RTgutGC intestinal cell
line (Figure 2.5a & 2.5b) as a surrogate for attachment potential to form complex 3D
cultures (i.e. spheroids or primary growth of cells on Transwell inserts). Briefly, cells
were grown to confluency, collected post trypsinisation, washed twice with DPBS and
aggregated via low speed centrifugation (Technico maxi; 1000 rpm or 50 g). Hereafter,
after each step, cells were washed twice with DPBS, and pelleted via centrifugation
prior to the next step.
Cells were fixed for 1 h in 2.5% glutaraldehyde dissolved in 0.1 M cacodylate buffer
(pH 7.2). After fixation, cells were permeabilized with 0.1% Triton X-100 (in DPBS)
for 5 min, then blocked with 1% bovine serum albumin (in DPBS) for 30 min. In
order to prevent photo-degradation of stain intensity, Eppendorf tubes were carefully
wrapped in tinfoil before the addition of 200 µL of DPBS followed by 10 µL Alexa
Fluor phalloidin (10 U mL−1 working stock in DPBS) and incubated for 20 min. Cell
suspensions were resuspended in 2 mL DPBS followed by 0.4 µL DAPI (1 µg L−1
35
2. Methodology and Method
development
stock) and incubated for 5 min. Cells were resuspended in 1 mL DPBS (after wash)
and aggregated via centrifugation where the DPBS was carefully removed and 100 µL
Vector shield mounting medium (Vector Laboratories, USA) added to each Eppendorf
tube. Suspensions were carefully resuspsended through repeat pipetting with a wide
diameter pipette, added to a microscope slide and air dried for 1 min before sealing
with a glass coverslip. Slides were placed on a tray, covered in tinfoil and the gel
allowed to harden overnight at room temperature (21◦C). Images were acquired using
a Nikon epifluoresence microscope (Eclipse 80i) with camera attachment (DS-QiMc) at
an excitation 488 nm and emission = 518 nm. Images were captured and processed
using the NIS elements application suite (Nikon). F-actin was notably detected in the
periphery of all single cells prior to attachment or the formation of cellular aggregates
(Figure 2.5).
(a) RTG-2 (b) RTgutGC
Figure 2.5. Confocal image of individual cells of rainbow trout gonad (RTG-2) and intestinal
(RTgutGC) derived immortal cell lines. The cells have been stained for the presence of F-actin
(green) and nuclei (blue). Scale bar = 10 µm.
2.3.2.2 ZO-1 & E-cadherin
Zonula occludens (ZO-1) is a junction-specific protein which is bound on the cytoplas-
mic surface of junctional complexes and is thought to be essential for the assembly of
tight junctions thorough the linking of these proteins to the actin cytoskeleton (Acharya
et al., 2004) the cytoplasmic surface (Rusu et al., 2005). Typically, ultrastructure ex-
amination of tight junctions via immunohistochemistry generally report on cell culture
models/tissue which have been dual stained with ZO-1 and E-cadherin (Elamin et al.,
2013, 2012; Rusu et al., 2005; Acharya et al., 2004). The positive staining of E-cadherin
(adherence junction protein) in both primary and immortalized cell lines has previously
been reported as confirmatory evidence of the epithelial nature of the culture (Beaulieu
and Ménard, 2012; Yoshikawa et al., 2011). The particular combination of these two
36
2. Methodology and Method
development
stains has been reported repeatedly in the characterisation of both murine and human
intestinal based models, and as such is an important feature to characterise in both the
cell line and primary based rainbow trout intestinal models.
Optimisation of methodology was carried out on the RTgutGC cell line. Briefly, cells
were grown as monolayers and allowed to become confluent before fixation in 4% Formol
saline for 30 min at room temperature. Cells were permeabilized with 0.5% Triton X-
100 in DPBS and incubated for 20 min at room temperature before being washed
with deionised water. Cells were blocked with 1% goat serum in DPBS for 5 min
before being washed with DPBS. After blocking, cells were simultaneously incubated
with primary antibody goat anti-mouse ZO-1-1A12 Alexa Fluor 594 (1579585; Fisher
Scientific) as per Gendron et al. (2011) and secondary antibody goat anti-rabbit E-
cadherin (1583138; Fisher Scientific) at 1:100 and 1:200 dilution, respectively. The cells
were incubated for 3 hrs or overnight at 4 ◦C covered in tinfoil. Following preliminary
experiments, staining intensity was bets following incubation overnight at 4 ◦C and
hence became the standard protocol. Thereafter, the cells were washed thrice with
3% goat serum in DPBS before simultaneous incubation with secondary antibodies
for ZO-1 (10644773; Fisher Scientific) and E-cadherin (10729174; Fisher Scientific) at
a concentration of 10 µg/mL for 1 h at room temperature. Cells were washed with
DPBS and nuceli stained with 0.4 µL/mL DAPI (1 µg L−1 stock) for 5 min. Cells
were washed thrice with 3% goat serum in DPBS before being mounted on glass slides
using Fluor save reagent (345789; Calbiochem). Images were acquired using a Nikon
epifluoresence microscope (Eclipse 80i) with camera attachment (DS-QiMc) and images
captured and processed using the NIS elements application suite (Nikon). Initial runs
contained negative controls of coverslips with no cells, in addition to antibodies with
mismatched or absent primary or secondary antibodies as outlined in Figure 2.6. E-
cadherin was shown to localise to the cell membrane (Figure 2.7a) as expected given its
reported association in cell adhesion between cells (Lin and Chang, 2008) and confirmed
the epithelial nature of the cells (Beaulieu and Ménard, 2012). ZO-1 was localised to
the periphery of the cell (Figure 2.7b) which is not surprising given its function in
linking TJ associated transmembrane proteins to the perijunctional actin cytoskeleton
(Acharya et al., 2004).
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(a) Nuclear stain (b) Stain debri
(c) ZO-1 stain (d) E-cadherin stain
Figure 2.6. Immunohistochemical controls for identification of unspecific binding of antibodies.
DAPI was used as a nuclear indicator (a), with arrows denoting stain debri from primary
antibodies indicating insufficient washing (b). The method was subsequently adapted to include
additional wash steps. The impact of absent secondary antibodies was shown for E-cadherin (c)
and ZO-1 (d) with an absence of specific staining clearly visible. Scale bar = 50 µm.
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(a) E-cadherin (b) ZO-1
(c) DAPI (d) Merged
Figure 2.7. Monolayer grown RTgutGC cells were fixed with Formol saline and labelled with
antibodies to ZO-1 and E-cadherin. Images were collected as on an individual basis and then
displayed as a composite projection (d). Cells were counterstained with DAPI to identify nuceli
(c). Scale bar = 50 µm.
2.3.3 Scanning electron Microscopy (SEM)
Gonadal cells in the form of the RTG-2 cell line and intestinal tissue in the form of the
RTgutGC cell line, both grown as monolayers on artificial structures (e.g: Thermonox
coverslips and Transwell inserts) and cellular aggregates were visualised using scanning
electron microscopy (SEM) in order to best visualize the surface structure of both these
culturing methods. A wide range of magnification is available using this method, where
SEM can magnify up to 250 times the magnification limit of the best light microscope.
The application of this method is especially important for spheroid surface visualisation,
as one can identify the cells which are covering the structure of the spheroid, such as
filopodia emitting cells or identify cell to cell junctions.
This method was optimised using the RTG-2 cell line, followed by characterisation using
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the RTgutGC cell line and later intestinal tissue samples. Briefly, the RTG-2 cultures
were washed three times with PBS, followed by fixation with 2.5% glutaraldehyde for
30 min in PBS at room temperature. The fixed cultures were then dehydrated in
ethanol at increasing concentrations (30%, 50%, 70%, 90% and 100%) for 15 min each.
Subsequently, the samples were dried in a critical point dryer, for 1 h by using liquid
CO2 as a transition medium. After mounting on an aluminium stub, the samples were
sputter-coated with chromium and viewed using a JEOL JSM-6610LV scanning electron
microscope at 15 kV (Figure 2.8).
(a) RTG-2 (b) RTgutGC
Figure 2.8. Scanning electron microscope (SEM) of RTG-2 cells cultured on Thermanox discs
for 6 days and RTgutGC cells grown in a Transwell insert. In subconfluent culture, cells grow to
form small groups connect by a network of cell extensions, as previously observed by Bieberstein
and Braunbeck (1998). Note in the RTgutGC grown cells the interwoven pattern and flatness
of the cells with long neopodic extensions characteristic of intestinal cell lines.
2.3.4 Transmission electron Microscopy (TEM)
The morphology and integrity of the monolayers and later cellular aggregates/cells
grown on Transwell inserts were examined using tranmission electron microscopy. Ini-
tial characterisation occurred in cellular aggregates of RTG-2 cells (Chapter 6), but was
later expanded to include the RTgutGC cell line (Chapter 4) and primary cultures of
the four defined regions of the rainbow trout intestine (See Chapter 5).
Briefly, cells were allowed to grow to confluency (as per the cell culture model require-
ments) and fixed in 2.5% glutaraldehyde solution for 30 min to 24 hrs dependent on
cell line or tissue origin. After removal of the fixative, cells were washed in DPBS,
dehydrated through grades of ethanol from 30% to 100% for 10 min per rinse with the
final rinse in 100% occurring twice. Finally, cells grown on Transwell inserts or tissue
sections were resuspended in 30% low viscosity agar resin (Agar Scientific; Standstead
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UK) diluted in methanol and incubated for 12 h. Following this, the resin solution was
replaced with 50% resin solution for a further 12 h, before incubation with a 70% resin
solution (12 h) and then finally a 100% solution (12 h). The duration of the incubation
was optimised to ensure complete infiltration of the resin into the cells/tissue. Tis-
sue/Transwell inserts were subsequently transferred to a coffin mold with 100% resin
and polymerised at 60 ◦C overnight (12 h). The resulting block was sectioned with
a Leica Ultracut E ultramicrotome using a Diatome blade (Agar Scientific; Stanstead
UK), with sections (80 nm thick) transferred to a 200 mesh thin copper grid (Agar Sci-
entific). The copper grids with sections were stained first with a saturated solution of
uranyl acetate with a solution of Reynold’s lead citrate, rinsed in distilled water for 15
min and then stained with Reynold’s lead citrate before a final wash in distilled water.
Sections (80 mm) were then examined and imaged on a JEOL 1200 TEM using a variety
of magnifications with scale bars embedded on each. An accelerating voltage of 120 kV
was used to capture defined images using an Olympus SIS Megaview III camera.
2.4 Biochemical assays
2.4.1 Lactate dehydrogenase (LDH)
Cells were grown as usual and medium/exposure solution collected to quantify the re-
lease of Lactate dehydrogenase (LDH) from the cells as an indicator of cellular stress.
Briefly, 50 µL of the medium/exposure solution aliquot was added to each well of a
96-well micro-plate in triplicate on ice and incubated with 250 µL of reaction buffer
(50 Mm Tris hydrochloride buffer, 0.14 mM NADH; pH 7.5) for 5 min at room tem-
perature. Following incubation, the reaction was started with the addition of 25 µL of
12.1 mM sodium pyruvate dissolved in 50 mM TRIS/HCL buffer (pH 7.5). Plates were
briefly mixed and the enzyme activity recorded for 20 min at 25 ◦C in a micro-plate
reader (FLUOstar Omega, BMG Labtech, UK) at 340 nm. Enzyme expression was
subsequently standardised to cell counts.
2.4.2 Acid phosphatase assay (APH)
Cell viability was assessed using a modified acid phosphatase assay as described pre-
viously (Friedrich et al., 2009, 2007). Briefly, cells are seeded 96 well plates (clear),
washed with DPBS and exposed to APH buffer (0.1 M sodium acetate, 0.1% Triton
X-100 supplemented with p-nitrophenyl) and indubated for 4 h at 21 ◦C in the dark
(temperature controlled incubator). Following incubation, 10 µL of NaOH was added
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to each well to stop the reaction and absorbance measured on a spectrophotometer
(FLUOstar Omega, BMG Labtech, UK) at 405 nm. Data was expressed as a percent-
age of control (unexposed cells in L-15 medium) after correction for fluorescence from
incubation buffer.
2.4.3 Ethoxyresorufin-O-Deethylase (EROD)
Little is known about the ability of the intestine to metabolise compounds, and this is
arguably one of the most important characteristics of a cell line which aims to aid in
the reduction of animal usage in toxicity testing. To ensure the cell line RTgutGC was
metabolically active in monolayer form, EROD was measured in the system following the
protocol of Baron et al. (2012), with β-naphthoflavone as an influencer of CYP activity
(BNF; Sigma: N3633 and CAS: 6051-87-2) acting as a positive control as outlined
previously for other tissue models (Heinrich et al., 2014; Gomez et al., 2011; Ghosh et al.,
2000; Scholz and Segner, 1999). Briefly, cells were trypsinized and seeded at 10 × 104
cells/mL (10,000 cells/well) into black coated 96-well micro plates and allowed to attach
for 48 hrs. Following this, the medium was reduced to 50 µL through a replacement
of medium with unconditioned L-15 in order to bring FBS concentration below 2%
and exposed to the compounds of choice. A range of positive controls in the form of
β-napthoflavone (BNF) and a solvent control (final well concentration 0.1 %DMSO)
both dissolved in L-15 was then added to the well in 50 µL volumes to a final 100 µL
per well and incubated at 20 ◦C for 48 hrs. In addition, to ensure the measurement of
CYP1A activity, BNF was also co-exposed to 100 µM α-naphthoflavone (Sigma:N5757;
CAS: 604-59-1), a known inhibitor of CYP1A activity (Hodek et al., 2014; Gomez et al.,
2011; Hodson et al., 2007; James et al., 2005). Following this, 50 µL of the reaction
buffer (which contains serum free L-15 medium, 16 µM of 7-ethoxyresorufin (7-ER), 18
µM dicoumarol) was added to each well and the production of resorufin measured in a
fluorescence plate reader (544nm excitation and 590nm emission) immediumtely after
the addition of the reaction buffer and every minute thereafter for 60 min. Standard
curves of resorufin (0-256 pmol well−1) were produced for each plate using L-15 medium
(150 µL per well). Stock concentrations of 7-ER and resorufin were prepared in DMSO
and dicoumarol in 1 M NaOH.
Total protein concentration per well was determined with the fluorescamine assay
(Lorenzen et al., 1999) and with modifications by Kienzler et al. (2012). Following
EROD measurements, monolayer samples were carefully washed thrice with ice-cold
PBS, re-suspended in 100 µL of PBS and frozen for 45 min at -80 ◦C. After defrosting
at room temperature (∼ 40 min), 50 µL of fluorescamine solution (0.3 mg/mL in ace-
tone, Sigma 54653) was added to each well and mixed thoroughly using a multichannel
42
2. Methodology and Method
development
pipette. After 10 min incubation in the dark, fluorescence was recorded using 390 nm
excitation and 460 nm emission respectively. To calculate EROD activity within the
cultures, reaction linearity was plotted for each sample over time, and resorufin pro-
duction determined by calculating the amount of reorufin (pmol) present in the well at
two different time points (10 and 20 min). The difference in resorufin was then divided
by the time (min) to obtain pmol min−1. To allow for comparison, this value was then
divided by the protein value obtained from the fluorescamine assay and the EROD ac-
tivity expressed as pmol min mg−1 protein. Interestingly, exposure of the RTgutGC cells
to 0.36 µM BNF showed a higher relative fluorescence signal than higher concentrations
(Figure 2.9a) indicating a threshold for response in this cell line. Inhibition follows a
similar trend where an optimal concentration for inhibition was identified at 100 µM
α-NF and shows comparable inhibition of both concentrations of BNF (Figure 2.9b)
indicating an active CYP1A metabolic pathway in this cell line. The choice of these
concentration as controls is consistent throughout the literature in various models and
tissue types, both murine (Hodek et al., 2014) and fish (Stott et al., 2015; Baron, 2014;
Gomez et al., 2011).
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Figure 2.9. Utilising the RTgutGC cell line as our experimental model, fluorescent units versus
time of EROD assay were ran prior to the exposure experiments (n = 4) to determine the
linear range of the assay in conjunction with this specific cell line; (b) Amount of resorufin
produced from 7-ethoxyresorufin over time by the RTgutGC cell line exposed to 0.1% DMSO,
or β-naphthoflavone [BNF; 0.36 and 3.6 µM]. These measurements were calculated over 10 min
(difference in fluorescence at 20 min versus 10 min).
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2.4.4 7-ethoxycoumarin O-Deethylation(ECOD)
The CYP450 enzyme system is a key pathway for drug metabolism. An important subset
of the cytochrome P450 family is the CYP3A4 isoenzyme, which accounts for 60% of
total CYP450 in the liver, and approximately 70% of the intestine in the mammalian
system (Gavhane and Yadav, 2012) and to a lesser percentage in fish (James et al.,
2005; Lee and Buhler, 2003; Lee et al., 2001). The sensitive spectrofluorimetric method
7-ethoxycoumarin O-Deethylation(ECOD) assay was used to determine overall CYP450
3A activity in the RTgutGC cell line using 7-ethoxycoumarin as substrate following the
protocol of Uchea (2013) and Christen et al. (2009). In order to identify duration of
incubation of cells with substrate and concentration, a preliminary study was carried
out.
Briefly, RTgutGC cells were seeded onto a 96-well plate, and allowed to attach for 48
hrs. medium was removed and monolayers of the RTgutGC cell line washed thrice in
PBS before incubation with the substrate 7-ethoxycoumarin (7-EC; Sigma E1379) in
phenol red free medium over 6 hrs, with samples taken every hour. Supernatant (60%
or 120 µL) from each time point was transferred into a black 96 well plate and the
reaction stopped with 40% stop solution (80% acetonitrile and 20% 0.5 M Tris base),
and fluorescence recorded at 410 nm excitation and 530 nm /emission wavelength. To
control for equal numbers of cells per well, cells were removed from each well with
trypsin and incubated in lysis buffer (50 mM TRIS hydrochloride, 150 mM NaCl, 2 mM
ethylenediaminetetraacetic acid, 1% Triton X-100, and 0.1% sodium dodecyl sulfate) to
obtain whole cell extracts. From each extract, the protein content was determined using
the Micro BCA kit (ThermoFisher). Fluorescence data repeated over three separate
experiments indicate that as with the previous literature (e.g Christen et al. (2009)),
optimal comparable fluorescence was achieved with an incubation time of 5 hrs using
50 µM 7-EC. Data was expressed as fold change from the control based on Uchea
(2013). When the RTgutGC cell line was incubated with 7-ethoxycoumarin over a 6 h
period, a 1.1-1.2 fold change relative to measurement at 0 h is evident dependent on
cell seeding density. This level of clearance of 7-EC is further replicated in primary
cultured hepatocytes which recorded a 1.5 fold decline for the same time period (Uchea,
2013).
For quantification of CYP3A induction in intestinal cells following exposure, the fol-
lowing method was used. Cells were seeded at 10 × 104 cells/mL (10,000 cells/well)
into a 96-well micro plate and allowed to attach for 48 hrs. Following this, the medium
was replaced with unconditioned medium or medium spiked with the toxicant of choice
and incubated as appropriate. A negative control and a positive control in the form of
β-NF (Monshouwer et al., 1998) or rifampicin (Kamiguchi et al., 2010) was used on each
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plate. After incubation with toxicant, 50 µM (final concentration) of 7-EC was added to
each well and incubated in the dark for 5 hrs. Standard curves of 7-Hydroxycoumarin
(7-HC; 0 - 1000 pmol) were ran on each plate using medium as the control. CYP3A
production/induction was determined by calculating the amount of 7-HC present in
the well at the end of the incubation and standardised to protein content per well as
previously described in Section 2.4.3.
2.5 Genotoxic assessment
DNA damage is considered a significant toxicological and genotoxic end point for reg-
ulatory purposes, with standardised guidelines available in the form of OECD 489 for
its incorporation into standardised work flows in toxicological testing of eukaryotic cells
(OECD, 2012b). These guidelines focus on the use of the most established method of
DNA damage quantification, that of the single cell gel electrophoresis assay or comet
assay but this has some inherent limitations to its widespread use, not least the initial
investment required and the the quantity of starting material.
The alkaline comet assay (or single cell gel electrophoresis, SGCE) was originally devel-
oped to detect double stand breaks in DNA as an indicator of toxicological damage using
pH > 13 (Singh et al., 1988). It is well-known and widely used method for assessment of
genotoxicity (Nehls and Segner, 2005), with a broad applicability to aquatic animals in
both in vitro and in vivo exposures. Reviews on the Comet assay and its applicability
to various cell lines, animals and tissue samples are abundant (Dhawan et al., 2009;
Jha, 2008; Wong et al., 2005; Lee and Buhler, 2003; Frenzilli et al., 2009; Kumaravel
et al., 2009; Fairbairn et al., 1995). In general, it has been found that the Comet assay
correlates well with concentrations of priority pollutants, with higher levels of DNA
damage noted for sediments from sites which are considered to be polluted. Although
standardization of the Comet assay is still not at a level where direct comparisons can
be made between different research groups, it has nevertheless been successfully applied
to a number of fish cell lines (Nehls and Segner, 2005; Seitz et al., 2008; Masuda et al.,
2004).
The alkaline comet assay was performed as described in Nehls and Segner (2005) and
Jha (2004) with some minor modifications. Hydrogen peroxide (H2O2) was used in
order to validate the aforementioned protocol as it is the most commonly cited inducer
of oxidative DNA damage. Slides were pre-coated with normal melting point agarose
(NMPA; 1.5% in TAE buffer).
A standardised exposure protocol was established were cells were plated in a twelve
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well-plate at a seeding density of 5 × 104 cells/mL, allowed to attach and grow for 5
days and exposed to different concentrations of H2O2 (0 - 60 mM). Cells were treated
with trypsin (0.25 %), inactivated with medium, washed thrice with PBS and 20 µl
of cellular suspension were added to an eppendorf and resuspended with 90 µl of low
melting point agarose (LMP), and two drops of 45 µl of this solution was added into
each NMPA coated slides and coverslipped to produce two replicate microgels. Slides
were subsequently refrigerated for 1 h to allow gels to set. Lysis was carried out in a
solution containing 2.5M NaCl, 100 mM EDTA, 10 mM Tris, 1% N-lauryl-sarcosine, 1%
Triton X-100 , 10% DMSO with the pH adjusted to 10 using NaOH and incubated for
1 h at 4 ◦C in an electrophoresis tank (Compac-50 HTP Comet Assay Tank, Cleaver
Scientific, UK). The solution was carefully exchanged for an electrophoresis buffer (1
mM EDTA, 0.3 M NaOH, pH 13) and the DNA allowed to unwind for 30 min at 4 ◦C.
Electrophoresis was carried out for 30 min (22 V/500 mA) before slides were transferred
into neutralisation buffer (0.4 M Tris, adjusted to pH 7 with HCl) for 10 min, rinsed
thrice with PBS, and allowed to air dry. Slides were usually stained and scored within
24 hrs, and always within a week. Each slide was stained with 20 µl of 20 µg/mL
ethidium bromide, and 50 cells per microgel (100 per slide) were scored using an epi-
fluorescence microscope (DMR; Leica Microsystems, Milton Keynes, UK) and imaging
system (Comet IV, Perspective Imaging, UK). Slides were coded and randomised to
ensure scoring was blind. It has been previously noted that there was no standardised
statistical method for the evaluation of comet data which would allow a direct com-
parison of data from different studies (Seitz et al., 2008). However, recommendations
to change this have been suggested recently allowing for comparability Bright et al.
(2011). Following the guidelines of the study, a one way ANOVA was used where the
animal/cell summary statistic was labelled as the response, and the treatment as the
explanatory variable. Pairwise comparisons of the treatment were assessed using bon-
ferroni corrected pairwise t-tests and Tukey post hoc test. Significance for all tests was
set at p = 0.05.
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3.1 Introduction
In vitro systems have become popular for characterising initial mechanisms of action
of toxicity since primary interaction between chemicals and biota occur on the cellular
level. This early and sensitive manifestation of toxicity can be used to assess chemical
and pollutant exposure (Fent, 2007) and represent a sensitive and reliable model (Kien-
zler et al., 2013). Indeed, hepatic and gill cell lines are readily available from numerous
fish species (see Lakra et al. (2011) for review). However, it is now acknowledged that
the gastrointestinal tract serves as a major route for the absorption of orally ingested
chemicals (via both prey and ingested water) and provides a first site for their oxidative
metabolism ("first pass"). Studies have identified P450-dependent enzymes localised in
the intestine and similarity in the liver indicating their dual metabolic activity (van
Herwaarden et al., 2009; Lee et al., 2001). Certainly, intestinal metabolism results in
the formation of metabolites that can in turn be transported to tissues (e.g liver) pro-
ducing physiological, pharmacological or toxicological effects prior to excretion. Until
recently, studies addressing dietary uptake of toxicants in the aquatic system have been
scarce. Regulatory bodies have addressed this by producing guidelines addressing di-
etary biomagnification (rather then bio-concentration factor) intended for substances
with very low water solubility (OECD, 2012a). However this study is implemented via
in vivo testing, which does not address the 3Rs (refine, reduce or replace) requirement .
Modelling of first pass metabolism in the intestine is difficult (both murine and aquatic
systems), not least because of the influence of intrinsic metabolic activities but also
in physiological complexities unique to the intestine. These include multifaceted inter-
plays among passive permeability, active transport or diffusion, lipid/water layer and
tissue binding. A viable in vitro option to in vivo dietary testing was recently developed
in the form of a cell line derived from the gastrointestinal tract of rainbow trout (i.e
RTgutGC; Kawano et al. (2011)), and shown to be a comparable model to native tissue
(ex situ "gut sac") in measuring uptake of copper (Chapter 4).
Polycyclic aromatic hydrocarbon (PAHs) are ubiquitous in the aquatic environment,
with studies on Benzo[a]pyrene (B[a]P) being prominent in the literature. BaP have
multiple sources to enter the body (for review of dietary sources of B[a]P see Phillips
(1999)), with well characterised mutagenic and carcinogenic properties reported to be
initiated by the cytochrome P450-dependent mono-oxygenases (van Herwaarden et al.,
2009; Seitz et al., 2008). It is a lipophilic compound, with fish likely exposed in large
doses via the diet (Yu et al., 2008; Vasiluk et al., 2008; Kleinow et al., 1998). Indeed,
De Gelder et al. (2016) suggests that within dietary exposures, the intestine is the
first barrier for PAH uptake, where they are metabolised to epoxides and hydroxylated
derivatives during phase one metabolism.
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The primary objective of this work is to establish whether the RTgutGC cell line can
be used as an environmental monitoring tool using the well characterised carcinogen
B[a]P. Although studies conventionally use medium as the xenobiotic/toxic carrier, the
gastrointestinal tract of rainbow trout is known to exhibit spatial differences in pH
which may impact on the gastrointestinal uptake/metabolism during ingestion/digestion
(Fard et al., 2007). This is also investigated in later chapters using primary isolated
enterocytes from regions of the intestine (Chapter 4). To investigate this phenomenon,
exposure was compared and contrasted over three pH solutions to identify if modification
of pH affects the metabolic activity of this cell line. In addition, cytotoxic responses
of the cell line at differing concentrations and time points were quantified using two
measures of DNA damage, in addition to various biomarkers of metabolism. Active
metabolism of the cell line to this compound was quantified using EROD, in addition
to immunofluoresence identification of active uptake of BaP into the cells, and GC-MS
quantification of removal.
3.2 Materials and methods:
3.2.1 Chemicals and medium
All reagents used in the experiments were obtained from ThermoFisher (UK), with all
chemicals supplied by Sigma-Aldrich (UK) unless otherwise indicated. Benzo[a]pyrene
(B[a]P) was obtained from Sigma (B1760; CAS:50-32-8). Stock solutions of B[a]P (500
µM in 100% cell culture grade DMSO) were prepared prior to the initiation of experi-
mentation, aliquoted and stored at -20◦C. For each experimental repeat or new assay,
a new aliquot was used and disposed. Modifications of a Cortland saline solution as
described by Klinck and Wood (2011) and previously used in Chapter4 for copper ex-
posures was utilised as our more relevant exposure solution. This is in line with the
expectation that as with copper, differences in response of the cells to B[a]P will demon-
strate significant differences between pH’s.
3.2.2 Cell Line Maintenance
Experiments and culturing were carried out using the rainbow trout gastrointestinal cell
line RTgutGC as outlined in Chapter 2, Section 2.2.2. Trypan blue was used to assess
the cell viability and samples with a viability <98% were discarded. All experiments
unless otherwise indicated were carried out on 12 well plates at a seeding density of
10×104 cells/mL and allowed to attach for 48 h prior to exposure.
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3.2.3 Genotoxic Response
The comet assay was carried out as previously outlined in Chapter 2, Section 2.5.
3.2.4 Cellular assays to evaluate cytotoxic action
Extracellular LDH concentrations were determined based on the methodology of Scholz
and Segner (1999) with modifications by Baron et al. (2012), with time, concentration
and pH as determining factors. Cell viability was assessed using the acid phosphatase
assay (APH; Friedrich et al. (2007)), with a RTgutGC cell line specific 2 h incubation
at room temperature.
In humans, B[a]P particles are primarily inhaled and are thought to cause the most
damage through an inflammatory reaction. Numerous research has suggested B[a]P
can elicit toxic effects in targeted cells, such as oxidative damage. Metabolites of this
toxin, involved in the redox cycle, are known to produce reactive oxygen species (ROS).
In the early stages of this cellular response, oxidative stress does not directly cause cell
damage and can induce the transcription of various stress defence genes in order to
initiate repair mechanisms. This trend, which has been observed in humans, may also
continue across to other species such as fish with comparative routes of exposure (in-
halation via the gills, ingestion via the diet) which were explored in the in vitro intestine
model proposed in this study. As little was known about the immediate response of en-
teroyctes towards this toxin, the formation of ROS was investigated in the RTgutGC cell
line following exposure to various concentrations of B[a]P. Intracellular reactive oxygen
species (ROS) production was measured as a function of time and B[a]P concentration
using the oxidation-sensitive 6-carboxy-2’,7’-dichlorod dye (DCFDA)(11504257; Fisher),
as general ROS indicator. Cells were seeded on black 96-well micro plates and allowed
to attach for 24 h prior to exposure. Following exposure, medium was discarded and
cells washed thrice with DPBS. Cells were exposed to 100 µL of a 20 µM DCFDA
solution (prepared in PBS) and fluorescence recorded at 495 nm and 520 nm as per
manufacturers instructions. During the whole procedure, the plate was kept in the dark
to minimise fading the fluoroprobe. A mean value for the fluorescence was calculated for
a minimum of three wells in each experiment. Background fluorescence, cells without
DCFDA added were subtracted from each well, with values expressed as percentage
increase compared to control.
Glucose was quantified using a kit (GAG020; Sigma) as per manufacturers instruc-
tions. GST activity was quantified in the cell line as per manufacturers instructions
(CS0410; Sigma). EROD (7-ethoxy-resorufin-O-deethylase) activity was quantified as
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per Chapter 2, Section 2.4.3.
For each exposure concentration, technical replicates numbered 6-8, with each experi-
ment ran 3-5 times (non-parallel passages), to incorporate biological variability into in
vitro design.
3.2.5 B[a]P concentration in medium and cell samples by
GC-MS
Two preliminary investigations were carried out to determine whether the cell line was
capable of uptake of this prototypical PAH. Firstly, RTgutGC uptake of B[a]P was
confirmed via immunohistochmeical methodologies, where cells were seeded onto Nunc
Lab-Tex R© II chamber slide system (C7057; Sigma), allowed to become confluent and
washed twice with DPBS prior to exposure. Following exposure, cells were incubated in
varying concentrations of B[a]P (0-50 µg L−1) for 24 and 48 h in the dark, fixed with 4%
formol saline and nuclei stained with DAPI for 30 sec (1 µg L−1; Sigma). Images were
obtained using a Nikon epifluoresence confocal microscope (Eclipse 80i) with camera
attachment (DS-Qi1Mc). Images were captured and processed using the NIS elements
application suite (Nikon) (350 nm excitattion and 405 nm emission) where brightness
and contrast were adjusted. Upon examination, the epifluoresence microscopy showed
that B[a]P was notably detected in the RtgutGC cells at all concentrations without
exception (Figure 3.1).
(a) Negative CTRL (b) Postive CTRL
Figure 3.1. In vitro fluorescence of B[a]P uptake in the RTgutGC intestinal cell line, with
negative control (a) and positive control cells exposed to 50 µm B[a]P (b). Scale bar = 20 µm.
Following qualification of uptake of BaP, RtgutGC cells were seeded at aformentione
seeding densities and allowed to become confluent in T175 cm2 tissue culture flasks
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(660160; Greiner). Controls in the form of flasks without cells but B[a]P spiked un-
conditioned L-15 (no antibiotics or FBS) medium were ran alongside each experimental
repeat to quantify adsorption to plastic ware (n=4 over passages 19-30). The B[a]P
analysis is based on a protocol previously developed and validated previously in our
laboratory (Di et al., 2011). The aqueous medium samples (10 cm3) were pipetted
from the cell culture bottle into glass vials and Dichloromethane (2 mL, 650463, Sigma)
added. Cell samples were scraped into pre-weighed glass vials to standardise reporting
of data to the literature. B[a]P d12 (100 ng in 20 µL acetone) was then added as an
internal standard. Medium could not be collected directly from the cell culture flask as
DCM was shown to dissolve the polystyrene cell culture flasks during preliminary char-
acterisation. Following thorough shaking, the mixtures were stored in the dark at 4 ◦C.
Immediumtely prior to analyses, the DCM layers were removed into glass micro-vials.
Residual water was removed by adding pre-cleaned anhydrous sodium sulphate to the
extract. Cell samples were transferred by scraping into pre-weighed vials and spiked
with the internal standard B[a]P d12 (100 ng in 20 µL acetone). Dichloromethane (2
mL) was added and the cells were extracted in a sonication bath for 20 min. The super-
natants were finally dried with pre-cleaned anhydrous sodium sulphate. Aliquots (1 µL)
of the sample extracts were analysed using an Agilent Technologies 7890A GC system
interfaced with an Agilent 5975 series Mass Selective detector (Agilent Technologies,
United Kingdom). A Restek Rxi-1MS (crosslinked poly dimethyl siloxane) capillary
column (30 m) with a film thickness of 0.25 µm and internal diameter 0.25 mm was
used for separation, with helium as a carrier gas (maintained at a constant flow rate
of 1 mL/min). Extracts were injected splitless, with the injector maintained at 250◦C.
The oven temperature programme was 40 ◦C for 2 min and then increased at 15 ◦/min
to a final temperature of 250 ◦C, where it was held for 4 min. The mass spectrometer
was operated in electron impact mode (at 70 eV) with the ion source and quadruple
analyser temperatures fixed at 230 ◦C and 150 ◦C, respectively. Samples were screened
for B[a]P and B[a]P d12 using selected ion monitoring, in which the target ions were
252 (253 and 126 for confirmatory purpose) and 264 respectively. Prior to sample ex-
tract analyses, the system was calibrated using authentic standards. With each batch
of samples, a solvent blank, a standard mixture and a procedural blank were run in
sequence for quality assurance purposes. In addition, B[a]P adsorption to plastic ware
during cell sample exposure was quantified and accounted for during analysis. B[a]P
concentrations were calculated based on the internal standard.GC-MS analysis was car-
ried out by Dr. Yann Aminot, School of Geography, Earth and Environmental Sciences,
Plymouth University.
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3.2.6 Data Analysis
Results of the Comet Assay were expressed as the mean and standard deviation of per-
centage tail intensity. Data was assessed for normality and homogeneity as previously
described and a reciprocal squareroot transformation or log transformations (EROD
or genotoxic response) applied to reduce heavy tailed distributions observed via quan-
tile quantile plots. Residuals of the data set were tested for normality prior to data
transformation and after application of ANOVA to ensure compliance with statistical
prerequisites and data extrapolation. Proportion data (cell viability and ROS) were
logit transformed and compared using ANOVA. A Pearson product movement corre-
lation co-efficient was calculated to assess the relationship between genotxic response,
biochemical response and B[a]P concentration and uptake. Significance was set at p
< 0.05. All experiments represent an n = 3 unless otherwise indicated. All statistical
analysis was carried out in R (RStudio, 2015).
3.3 Results
3.3.1 B[a]P concentration in medium and cell samples by
GC-MS
Three experiments from non-parallel passages (24, 27 and 29) of the RTgutGC cell line
were exposed to 0.2 µM (∼5.4 µg/L) B[a]P and concentration measured in cells and
medium at 24 and 48 h to elucidate variation in adsorption and absorption of B[a]P to
plastic-ware and individual intestinal cells. Each experiment was ran in duplicate, with
results presented as the average ± standard deviation (n=3).
B[a]P uptake was calculated with respect to a concurrent experiment elucidating ad-
sorption of B[a]P to the cell culture plastic-ware (∼ 12%) and uptake rates in cells
corrected for this fraction. An average measurement of 0.0057± 0.0020 B[a]P µg in cells
was recorded at 24 h, with 0.0071± 0.0036 m B[a]P µg recorded at 48 h. An indepen-
dent sample t-test was conducted to compare differences in B[a]P in cells and medium
over time, with criteria for normality met by the samples (p = 0.71). The degree of
B[a]P uptake was markedly different in the cells (n = 3, CV = 34%, 18% difference
between 24 and 48 h) but was not statistically significant (t=-0.45,p = 0.69). When
B[a]P depletion is examined in the medium (n = 3, CV = 59%, 58% difference between
24 and 48 h), there is a marked difference in B[a]P present in the medium, but again
this is not significant (t = 1.34, p = 0.31) (Fig 3.2).
54
3. BaP metabolism in vitro
24 h 48 h
Metabolism (RTgutGC)
m
 B
aP
 µ
g
0.
00
0
0.
00
5
0.
01
0
0.
01
5
0.
02
0
0.
02
5
Medium
Medium
Cells
Cells
Figure 3.2. B[a]P was measured in both the medium and in individual cells collected and anal-
ysed separately to identify quantity of uptake by the cells. Measured concentrations in both
medium and cells are denoted by grey-scale, with adsorption of compound to plastic ware cor-
rected for. It is interesting to note that while B[a]P measured in the cells has only increased
marginally, there is a noticeable difference in B[a]P measured in the medium potentially sug-
gesting the presence of a B[a]P derivative/metabolite. Data was representative of three different
passages/experimental repeats, with standard deviation presented as error bars on the mass of
B[a]P measured in cells.
3.3.2 Cellular assays to evaluate cytotoxic action
3.3.2.1 LDH Activity
Three experiments from non-parallel passages (12, 20 and 38) were analysed for damage
to the cellular membrane following B[a]P exposure (0.02 - 100 µM) over a 48 h exposure
period. Data was analysed using a two way ANOVA (with pH, time and concentration
as factors) due to assumptions being met (AD: p = 0.14; L: p = 0.08). No significant
difference was identified between concentrations (p = 0.52), pH (p = 0.13) or time (p
= 0.59).
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3.3.2.2 Cell viability
Three experiments from non-parallel passages (30, 33 and 37) were analysed for damage
to cellular viability following B[a]P exposure (0.02 - 100 µM) over a 48 h time frame.
Due to non-normality, data was analysed using the Kruskal Wallis test with Bonfer-
roni corrections and revealed no significant differences between concentrations, pH or
exposure time.
3.3.2.3 ROS detection
Maximal ROS production of the RTgutGC cell line with modification exposure pH and
over time was identified at 50 µM at 24 h exposure for pH 7.5 and 7.4 (140 ± 3% and
100 ± 1% respectively). However, ROS induction is highest at pH 7.7 at a concentration
of 25 µM (105 ± 5%). No significant differences were found between concentrations at
the two time points sampled.
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Figure 3.3. Reactive oxygen species (ROS) generation/induction activity in RTgutGC cells
exposed to B[a]P for 24 (a) and 48 (b) hours, respectively. Values (mean ± standard deviation,
n = 3) are expressed in terms of percent induction relative to control fluorescence (L-15 medium
with saline).
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3.3.2.4 Glucose activity
Following a lack of significant differences between sampled time points for GST activity
and LDH, questions arose regarding sampling time points. We hypothesized that later
time sampling times may obscure earlier responses by the cell, and that minimal activity
at 24 h reflects cellular activity at it plateau. Transepithelial transport is an energy
consuming process, hence trends in glucose levels may be used as an indicator of cells
increased energy requirements, or act as a suggestion of when BaP absorption/uptake is
likely to occur. For this experiment, three experiments from non-parallel passages (15-
37) were evaluated for variation in glucose measured in the medium following exposure
to a range of B[a]P concentrations (0, 0.02, 0.2 and 2 µM) over a period of 24 h
(Figure 3.4. Samples were taken at 0, 1, 2, 4 and 24 h. A Shipiro-Wilk test revealed
that the distribution of glucose within each group is normally distributed following a
log transformation, while a Levene’s test revealed homogeneous variances. Following
pre-processing of data, an analysis of variance (ANOVA) on the outlined factors yielded
significant variation among the conditions of pH (F = 3.63, p < 0.05) and time (F=3.84,
p < 0.001). A post hoc Tukey test on pH’s revealed significance was driven by parallel
pH’s alone (7.5 and 7.4)(p < 0.05), while significance over time was driven by differences
in mean over time when compared to the 24 h time point (p < 0.05). Interestingly,
despite the non-significant differences between B[a]P concentrations (p = 0.12), a clear
trend in glucose depletion in medium samples is demonstrated whereby parallel pH’s
concurrently see the highest glucose depletion at 2µM B[a]P (Table 3.1). This is in
direct contract to the higher pH of 7.7 which sees this occur at a B[a]P concentration
of 0.2 µM.
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Table 3.1. The rate of glucose depletion as determined from the medium of the RTgutGC cells
over a 24 h period. Rates are calculated relative to the decrease in mg glucose in the medium
from the initial sampling point at 0 h up to 24 h. Data is presented as the mean ± standard
error of the mean due to unequal sample size.
Time (H) Glucose depletion
pH µM N 0 24 (µg glucose/mL/H )
7.4 0 2 645.91±182.94 7.16±19.24 26.62
7.4 0.02 2 647.84±189.85 5.57±16.93 26.76
7.4 0.2 2 673.96±203.78 5.46±15.46 27.85
7.4 2 2 754.97±367.49 1.90±13.45 31.38
7.5 0 3 825.19±163.37 -7.57±2.07 34.70
7.5 0.02 3 789.99±194.99 -4.77±2.17 33.11
7.5 0.2 3 849.57±198.60 -0.53±3.70 35.42
7.5 2 3 1610.57±524.49 12.38±4.69 66.59
7.7 0 3 339.23±161.50 2.39±16.77 14.03
7.7 0.02 3 735.83±432.64 -0.14±14.31 30.67
7.7 0.2 3 1636.76±1348.724 1.00±16.16 68.16
7.7 2 3 507.14±287.94 -2.36±11.10 21.23
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Figure 3.4. The concentration of glucose in l-15:saline medium (pH 7.4) over 24 h. Note the
steep decline in glucose within the first four hours suggesting that cellular activity was highest
within this time frame, as compared to glucose at 24 h which was almost non-existent in the
medium in comparison to 0 time point (Table 3.1).
3.3.2.5 GST activity
Examination of GST data revealed normal data (AD; p = 0.19) and homogenous vari-
ances (L; p = 0.39). Three experiments (non-parallel passages) were carried out to
analyse GST activity following 24 h and 48 h exposure to a range of B[a]P concentra-
tions in L-15 medium and a 1:1 ratio of L-15 medium to Cortland saline (pH 7.7 and
pH 7.4 respectively) (Figure 3.5). ANOVA revealed pH as the only significant factor
in this experimental design (p < 0.05) with significant differences identified in parallel
pH’s of 7.5 (L-15 medium) and pH 7.4, respectively.
59
3. BaP metabolism in vitro
0
100
200
300
400
0 0.02 0.2 2 10 20 50 100
Concentration (µM)
G
S
T
a
c
ti
v
it
y
(µ
m
o
le
/m
in
/m
g
p
ro
te
in
)
pH 7.5 7.7 7.4 (a)
(b)
0
100
200
300
400
0 0.02 0.2 2 10 20 50 100
Concentration (µM)
G
S
T
a
c
ti
v
it
y
(µ
m
o
le
/m
in
/m
g
p
ro
te
in
)
pH 7.5 7.7 7.4
Figure 3.5. Phase II glutathione-S-transferase (GST) activities in the RTgutGC cell line at pH
7.5, 7.7 and 7.4 at 24 (a) and 48 (b) h, respectively. No significant differences were observed
between concentrations or time but where observed between pH’s of exposure solutions (p >
0.05). Data was presented as the mean ± standard deviation of three paired experiments.
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3.3.2.6 EROD activity
Following the exposure of B[a]P to the intestinal RTgutGC cell line, the in vitro EROD
induction was sampled at 24 and 48 h, respectively. As with the preliminary experiment,
data was log transformed due to non-normality. A typical dose response curve was
observed (Fig 3.6) with a maximal induction of EROD activity in L-15 medium recorded
at a concentration of 0.2 µM B[a]P following 48 h exposure. However, this trend is more
variable under saline conditions, where maximal EROD response was recorded at 10 µM
following 48 h exposure under pH 7.7 and pH 7.4, respectively. This maximal induction
corresponds to an inhibition of EROD activity of 80% (0.395 ± 0.12) and 83% (0.312 ±
0.14) for pH 7.7 and 7.4 when compared to L-15 medium alone (1.95 ± 0.12), a trend
which is visible with all concentrations. Although significant differences were observed
between pH’s (ANOVA; n=3, p < 0.001), concentration (ANOVA; n=3, p < 0.05) and
incubation time (ANOVA; n=3, p < 0.001), Tukey’s post hoc test revealed significance
was limited to differences between medium and saline exposures (p < 0.001). Significant
differences were also observed between the 0.02 and 10 µM B[a]P exposure but this may
be an artefact of the significant differences in baseline CYP1A activity noted above
(approximately 80% inhibition of basis activity when compared to medium).
61
3. BaP metabolism in vitro
0.0
0.1
0.2
0.3
0.4
0.5
0.02 0.2 10 50 100
Concentration (µM)
E
R
O
D
a
c
ti
v
it
y
(p
m
o
le
/m
in
/m
g
p
ro
te
in
)
0
2
4
6
0.02 0.2 10 50 100
Concentration (µM)
E
R
O
D
a
c
ti
v
it
y
(p
m
o
le
/m
in
/m
g
p
ro
te
in
)
Duration 24 48 (a)
(b)
0.0
0.2
0.4
0.6
0.02 0.2 10 50 100
Concentration (µM)
E
R
O
D
a
c
ti
v
it
y
(p
m
o
le
/m
in
/m
g
p
ro
te
in
)
(c)
Figure 3.6. Induction of EROD activity in solutions of L-15 medium and saline at pH 7.5 (a)
7.7 (b) and 7.4 (c) for 24 and 48 h, respectively. Significant differences were observed between
pH’s (ANOVA; n=3, p < 0.001), concentration (ANOVA; n=3, p < 0.05) and incubation time
(ANOVA; n=3, p < 0.001). Note the difference in scales between the L-15 medium samples a
saline exposed samples. Data is presented as mean ± standard error of mean of four experiments.
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3.3.3 Genotoxic response
Five experiments from non-parallel passages (passages 12-38) were analysed for geno-
toxic response to B[a]P using our multi factor experimental design. Due to non-normal
data and non-homogenous variances, data was arcsin transformed. Significant differ-
ences were identified between the two sampling time points (ANOVA, p < 0.001) and
between some BaP concentrations but not all (Fig 3.7). Significant differences to solvent
controls/exposure solutions were only observed in the upper concentrations of 10 and
50 µM. This trend was previously observed in the EROD assay and suggests a loose
relationship between the two variables. No significant differences were observed between
the three pH’s/solvents investigated (p = 0.58).
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Figure 3.7. Genotoxic response of the RTgutGC cell line to concentrations of B[a]P in two
different exposure mediums at three different pH’s. Significant differences were found between
24 h (a) and 48 h (b) and between the solvent controls and the upper B[a]P concentrations (***
is equivalent to a p < 0.001). No significant difference was found between the pH’s.
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3.4 Discussion
In the aquatic environment, diet is one of the most important routes of exposure for the
common contaminant benzo[a]pyrene, with previous studies demonstrating the presence
of B[a]P in the diet and tissue of numerous organisms in addition to its biotransforma-
tion by lower organisms and subsequent food chain transfer (Wang and Wang, 2006).
Previous studies have confirmed active uptake and metabolism of this compound via the
diet of both fish (Peters et al., 2002; van Veld et al., 1997),vertebrates (Ren et al., 2014)
and mammals (Arlt et al., 2008). The current study represents the first report of xeno-
biotic metabolism, using the ubiquitous environmental contaminant Benzo[a]pyrene, in
the intestinal RTgutGC cell line. The concentration ranges covered in this study reflect
previously explored concentrations in human and murine intestinal culture models (Le
Hégarat et al., 2012; Barhoumi et al., 2000) in addition to fish (Kleinow et al., 1998),
although they do exceed the documented aqueous solubility of the compound at 22 ◦C
(5 µg/L; van Veld et al. (1997)). However, at the higher concentrations (> 10 µM),
B[a]P would exist in a microcrystalline state, which could be taken up via swallowing
of water and in prey capture in fish (van Veld et al., 1997), and so the concentration
rage is justifiable.
For metabolic comparability of any in vitro model system to native tissue, the inducing
compounds must first be shown to cross the cell membrane barrier which may lead to
alterations in the intracellular availability of the inducer. Indeed, should detoxification
occur via a particular pathway, this will lead to a subsequent decrease in availability
of the inducer necessary to elicit a measurable response. The uptake of Benzo[a]pyrene
was shown in the RTgutGC cell line through chemical analysis of substrate depletion.
In addition, metabolic induction via the cytochrome P450 pathway (EROD activity)
was also confirmed. The reduction of B[a]P in cells after 48 h in combination with
increased B[a]P measured in the medium suggests active enterocytic transport of B[a]P
metabolites back into medium as a means to prevent resorption of this compound, a
process common in animals. This phenomenon has also been seen in other human
in vitro intestinal models (Buesen, 2002). Given how close this trend is to intestinal
responses in fish, it would be interesting to measure the metabolite formation in the
medium after 48 h incubation and identify whether transformation in vitro is comparable
to transformations observed in prior gut sac preparations. In this respect, Kleinow
et al. (1998) provides a starting point through the reporting of the conversion of B[a]P
to B[a]P-7,8 and 9,10 dihydrodiols and 6-methyl-B[a]P in the gut sac preparations of
catfish intestine.
Transepithelial transport is an energy consuming process, with the depletion of glucose
indicative of increased cellular requirements. During B[a]P exposure, limited glucose
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present at 24 h in all exposure solutions but especially medium is suggestive of an energy
intensive process being undertaken. Indeed, the steep decline in glucose over the first
four hours is suggestive of the rapid uptake of this compound (glucose) into the cell for
basic cellular maintenance. However, B[a]P uptake is a passive process and the sug-
gestion that this toxin may be absorbed during this process may have some merit. At
24 h, we postulate that the minimal presence of glucose in the medium/apically lumen
would result in limited transport from the medium into the cell of this toxic compound
(B[a]P) and thereby should demonstrate a decrease in cytotoxicity and other biochem-
ical parameters. Based on this supposition, it is unsurprising that cytotoxic activity
(measured via LDH and cell viability assay) is not significantly different over time (24
and 48 h), pH’s or concentrations. This trend in the absence of cytotoxic activity follow-
ing B[a]P exposure has also been observed in other in vitro models such as the Caco-2
cell line (Buesen, 2002) although the range of this study was substantially higher (1 -
300 µM). Differences in response conferred through varying pH in the exposure solution
were explored in this study due to previous reports of varying lumen pH of rainbow trout
intestine dependent on intestinal region (Fard et al., 2007; Uldal and Buchmann, 1996)
and acknowledged differences between intestinal regions in animals (James et al., 1995).
Interestingly, differences in glucose removal due to pH of exposure solutions identified
differences between parallel pH’s of 7.5 (medium) and 7.4 (L-15:medium). Borges and
Viana (2012) previously reported that the transport of glucose is mainly affected by the
amount of sodium in the intestinal lumen of rats and that the absorption of sodium is
impaired at lower (7.0) and higher (8.5) pH’s. With respect to the current study, there
is minimal differences in sodium concentrations in the exposure matrix (unpublished
data; 69 nM and 44 nM respectively). In human systems, the transport of water across
the epithelial cells of the intestine have been attributed to osmotic gradients and sodium
transport (Billich and Levitan, 1969). If we examine osmatic gradients in the exposure
matrices, a difference emerges whereby 274 mOsm was recorded in the control matrix of
L-15 medium and 204 mOsm in the saline:medium solution (irrespective of pH) suggest-
ing that this may play an important role in the observed trends. However, we suggest
that there may be a hereto undiscovered component in this transport scenario given
that if osmatic differences were the only driving force of this observed trend, then sig-
nificant differences would have been observed between both saline: medium solutions
rather then just one (pH 7.4).
With respect to metabolism, it has been established that once B[a]P enters a vertebrate
system, it will experience a series of oxidative processes predominantly mediated by the
CYP450 system. This activity has primarily been assessed by measuring EROD activity
in various biological systems (Heinrich et al., 2014; Ren et al., 2014; Curtis et al., 2011; Di
et al., 2011; Peters et al., 2002; Kleinow et al., 1998). In the present study, the the EROD
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assay, a broad marker for CYP1A families, was used as a tool to measure CYP1A activity
in this intestinal cell line. The assay requires the uptake, metabolism and excretion of
the substrate for any activity to be detected and as a consequence is suggestive of
active CYP1A metabolism in any test system. The dose-dependent response of EROD
activity is suggestive of the presence of a plateau of uptake in the intestinal cell line.
This has previously been reported using other model systems (Ren et al., 2014; Curtis
et al., 2011; Di et al., 2011; Canova et al., 1998). Although a typical gaussian or dose
response curve was present for all exposure solutions, e.g. the data gives a maximum
EROD response at a given exposure and drops thereafter, maximal induction varied
between the two solutions irrespective of pH (medium versus medium:saline), with L-
15 demonstrating the highest CYP1A induction following B[a]P exposure. CYP1A
induction in the cell line is comparable (2.51 ± 2.56 pmol/min/mg protein) to similar
dietary exposure studies in catfish (1.89 ± 0.92 pmol/min/mg protein) (Kleinow et al.,
1998; James et al., 1997), but significantly less in saline solutions. In humans, the matrix
in which PAHs such as B[a]P is transported in has a significant influence on the transport
of this compound across the intestinal epithelium barrier (Harris et al., 2013) and it could
be argued that this would also hold true for exposures in other animal models. In vitro
digestion models have been developed to assess the bioaccessibility of toxicants, such as
PAHs, and account for pH variation in transport from the lumen to the enterocyte along
the length of the intestine (incorporating three different intestinal regions) in humans.
With respect to pH variation in transport, the current study offers evidence to support
its presence. As mentioned previously, the availability of transporters to uptake and
transform B[a]P may vary between the two exposure solutions, in line with the variation
in osmatic gradients and sodium concentrations and should be incorporated into future
experimental designs.
Genotoxic damage is a cell-specific process, with toxicant exposure required to reach
a threshold level before DNA repair systems are initiated. Studies which explore and
report on the induction of DNA damage following chronic and sub-lethal B[a]P are
abundant in isolate organs (Möller et al., 2014; Curtis et al., 2011; Jönsson et al.,
2006) and cell lines (Le Hégarat et al., 2012; Vasiluk et al., 2008; Barhoumi et al.,
2000) jointly. Indeed, intestinal uptake and metabolism is well covered in the literature
in both mammalian (Hodek et al., 2014, 2011; Barhoumi et al., 2000) and aquatic
models (Wessel et al., 2010; James et al., 2005; Kleinow et al., 1998). In the present
study, B[a]P exposure in the RTgutGC cell line caused a strong induction of DNA
single strand breaks at a concentration of 50 µM. However, significant differences were
also recorded between this concentration and concentrations within the soluble range
of B[a]P (0.02 - 2 µM). Yet, this genotoxic effect does not appear to be concentration
dependent with similar levels of DNA strand breaks visible irrespective of exposure
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concentration (5 - 30% Tail DNA). There is a clear trend in decreased DNA strand breaks
(irrespective of method) with increasing time and higher B[a]P concentrations. The lack
of concentration dependent increases in DNA damage would suggest that genotoxicity
had reached its higher levels at lower concentrations and exposure times, and that
the DNA repair enzyme may already be saturated. This suggestion is support by the
literature in both fish (Devaux et al., 1997) and murine systems (Barhoumi et al., 2000),
where an intubation period of 4 h demonstrated a prominent gentotoxic concentration
dose response. Earlier work using Killifish as a model species suggests that this may
occur even earlier, with B[a]P (in association with lipid/dietary intake) transported
from the intestinal lumen within 1 h post digestion (Vetter et al., 1985).
The results presented here confirm that the B[a]P could be accumulated, biotransformed
and excreted (implied through the reduction of B[a]P in cells after 48 h exposure mea-
sured via GC-MS) in the in vitro RTgutGC intestinal model. The variations in metabolic
enzyme activity between pH’s could reflect key differences in gene expression profiles
augmented by these modifications which may more closely reflect native metabolism in
the intestine. Although not explored, a clear trend can be seen to emerge in comparable
metabolic, biochemical and genotoxic damage between concentrations suggesting that
incubation time with PAHs needs to be carefully chosen in this extremely biologically
active in vitro intestinal model. Further experiments using GC-MS will be helpful for
the chemical identification of metabolites formed using this model in order to firmly
establish its comparability to fish intestine. The results show that the RTgutGC cell
line is a sensitive model for toxicity testing of environmental contaminants such as
PAHs.
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4.1 Introduction
In today’s society, there is a need for better understanding and monitoring of ecotoxi-
city of metals present in aquatic systems and their potential impact in terms of acute
and chronic toxicity to aquatic organisms. Metal metabolism within an organism has
a significant effect on metal accumulation, distribution and toxicity, with fish known
to be particularly sensitive to many waterborne pollutants. Copper (Cu) is a ubiqui-
tous major toxicant in the aquatic environment, and of greater environmental concern
compared to other contaminants such as pharmaceuticals (Donnachie et al., 2016). It
is also recognised as one of the best studied metal micronutrient transport systems in
the fish intestine (Bakke et al., 2010), with information primarily obtained from live
animal in vivo feed trials and not in vitro experiments. Despite the widespread need for
replacement of animals in toxicity testing across all scientific disciplines, environmental
contaminants such as metals, pharmaceuticals or chemicals are rarely assessed in vitro,
not even for screening purposes. Functionality, metabolic competence and biological re-
sponses of various in vitro models are well covered in the literature (Wilk-Zasadna et al.,
2015; Papis et al., 2011; Eisenbrand et al., 2002). In aquatic in vitro models, particular
attention has been paid to elucidation of how chemicals enter, bioaccumulate, and are
metabolised to assess their biological fate and impact at a cellular level (Uchea et al.,
2015; Stott et al., 2015; Eyckmans et al., 2012; Gomez et al., 2011). However, with the
strict implementation of the 3Rs approach, societal and ethical constraints in addition
to economic implications, the chemical industry is now considering in vitro assays or
other procedures to reduce the number of acute fish test for assessing the ecotoxicity
of chemicals. Recently, there has been a combined effort from academia and industry
to propose new strategies to reduce the number of fish in acute toxicity tests (Burden
et al., 2015a, 2014; Scholz et al., 2013; Hutchinson, 2008; Jeram et al., 2005), with
Burden et al. (2015b) summarising several initiatives currently under way to improve
confidence in newer alternative methods which will support a move towards a future
where less data from animal tests is required in the assessment of chemical safety.
The intestine of a fish is a multifunctional organ (see Jutfelt (2011); Grosell et al. (2010))
responsible for the absorption of nutrients, ionic and osmotic regulation in addition
to functioning as a barrier to keep unwanted agents such as a pathogens, toxins and
microorganisms out. Knowledge of fish intestines has primarily been obtained through
the use of large quantities of animals, predominantly through the use of short term ex
situ methods such as the "gut sac". This well used technique allows the manipulation of
both mucosal and serosal solutions and has been employed to understand mechanistic
action of metal antagonists in fish (Nadella et al., 2011; Ojo and Wood, 2007; Nadella
et al., 2006b,a), in addition to pharmaceutical uptake in other organisms (Dixit et al.,
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2012; Mariappan and Singh, 2004). However, it does suffer from limitations in terms of
reduced cell viability, loss of enzymatic activity and limited exposure and sampling time
(∼ 2-4 h) (Alam et al., 2012), in addition to requiring the sacrifice of an animal. The
application of a systematic but reductionist approach (minimal use of animals) in terms
of appropriate in vitro models has been extremely useful in revealing the role of various
physical and biochemical barriers to drug absorption in human systems. Intestinal
epithelial models are currently based on the culture of a suitable cell type directly on
flat, porous supports such as Transwell inserts. Among the available models, Caco-2
cell monolayers are one of the most studied approaches and are considered the gold
standard for predicting in vitro intestinal permeability and absorption (Vllasaliu et al.,
2014; Gupta et al., 2013; Hubatsch et al., 2007; Gan and Thakker, 1997; Bailey et al.,
1996a). However, this method is expensive, labour intensive and limits the capacity
for high throughput. Despite its abundant use, the mdoel suffers from limitations with
numerous improvements proposed to overcome the variability and heterogeneity visible
in the literature in terms of performance (Ferruzza et al., 2012; Galkin et al., 2008;
Anna et al., 2003; Yamashita et al., 2002).
There is currently one available intestinal cell line derived from the rainbow trout On-
corhynchus mykiss (Kawano et al., 2011), but our knowledge of this cell line is far
from complete. Active transport mechanisms in the form of ATP binding cassette
(ABC) transporters have been confirmed (Fischer et al., 2011) in addition to major-
histocompatibility genes (Kawano et al., 2010). However, studies on its ability to
function as an in vitro toxicity tool are limited to two. Catherine Tee et al. (2011)
investigated the response of the RTgutGC cell line to a contaminant in the form of a
dark blue colorant (Acid Blue 80) exposed to a monolayer, but found another cell line
to be more sensitive while Geppert et al. (2016) investigated nanoparticle transport in
the cell line using a two-compartment barrier model. While nanoparticle uptake was
confirmed in this model, it is interesting to note that the standardised methodology of
the Caco-2 cell line was employed, namely the growth of the cells over a 21 day period.
The objectives of the following research were to investigate the application of a double
seeding technique to an intestinal derived cell line (RTgutGC). We postulated that an
increase in seeding density and double layer of the cells would provide more physiolog-
ically relevant intestinal signals and surfaces. This would take the form of polarised
micro-villi, presence of mucosubstances, tight junction formation, the presence of trans-
porters such as p-glycoprotein in addition to other metabolic enzymes. Although first
proposed as a single seeding technique for the culture of gill cells Parton et al. (1993),
the method was later adapted to double seeding (Fletcher et al., 2000) to provide and
improve attachment signals and surface structures. It is now widely employed as stan-
dard culture method for gill cells (Schnell et al., 2016; Stott et al., 2015). Following the
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thorough characterisation of the model’s basic structure, the ability of the RTgutGC
cell line to tolerate the application of saline in the apical compartment with minimum
adverse effects was investigated. Should the RTgutGC cell line tolerate the application
of freshwater, the use of this model as animal replacement tool for an ecotoxicology
exposures would facilitate the widespread application of the 3Rs approach for aquatic
dietary uptake studies. A well established critical step towards the use of in vitro assays
as models for in vivo animal experiments is the correlation between in vitro and in vivo
activities. As the relationship between Cu uptake in the intestine of rainbow trout is
well established, we use this metal to probe the comparability of the cell line to the gold
standard "gut sac" method.
4.2 Materials and Methods
4.2.1 Cell culture
RtgutGC cells were cultured as per Section 2.2.2. All experiments were carried out
in a controlled incubator set to 21◦C with non-parallel passages or non-concurrently
grown cell culture passages (17-37). A passage cut off of 37 was employed due to de-
viation from normal growth morphology. During this study, higher seeding densities
then typically employed with the RTgutGC cell line were used (approximately 2-3 times
more). Kawano et al. (2011) previously observed that under super confluent conditions,
RTgutGC cells stain intensely for alkaline phosphatase (an indicator of cellular differen-
tiation) suggesting that high seeding densities may affect the structural and functional
properties of the intestinal monolayer. This has previously been observed in the gold
standard Caco-2 cell line (Natoli et al., 2011), where it is typically grown for 21 days to
allow full differentiation.
Prior to the beginning of exposure experiments, cells were first grown both single seeded
and double seeded on transwell inserts to identify the variability between models over
a short time period (9 days). Cells were trypsinised, counted, and seeded at a density
of 10× 104 cells per mL of conditioned medium for single seeding. With respect to
double seeding, cells were seeded at a density of 10× 104 cells/mL (∼89,285 cells per
cm2) and allowed to attached for 24 h. After 24 h, 500 µL of the medium in the
apical compartment was replaced with a trypsinised secondary flask (same passage) at
a seeding density of 20× 104 cells/mL, giving a final seeding density of 20 × 104 cells
(178,571 cells per cm2) in 1 mL of cell culture medium. Cells were grown for 9 days
initially to identify stabilisation of TEER measurements, with medium changes to both
apical and basolateral medium performed every 48 h.
72
4. Cu metabolism in vitro
4.2.2 Morphological characterisation
RTgutGC cells grown on Transwell inserts for 5-7 days were fixed with 4% formol saline
for 1 h, and stained with periodic acid and alcian blue to assess presence of muco-
substances. To stain for tight junctions, RTgutGC cells were grown as monolayers on
coverslips and processed as normal. The tight-junction protein zonula occludens 1 (ZO-
1) and E-cadherin (E-Cad) were detected using polyclonal antibodies goat anti-moouse
(1579585; ThermoFisher) and goat anti-rabbit (1583138: ThermoFisher) as per Gen-
dron et al. (2011). The secondary antibodies used were Alexa Fluor 594 (10644773;
Fisher Scientific) and Alexa Fluor 488 (10729174; Fisher Scientific) at a concentra-
tion of 10 µg/mL. Cells were counter stained with Dapi to stain nuclei. Images were
obtained using a Nikon epifluoresence confocal microscope (Eclipse 80i) with camera
attachment (DS-Qi1Mc). Images were captured and processed using the NIS elements
application suite (Nikon) where brightness and contrast were adjusted. Finally, double
seeded cells were allowed to grow to confluency (7-9 days) on a Transwell insert and
fixed in 2.5% glutaraldehyde. (in pH 7.2, 0.1 M sodium cacodylate buffer). Cells were
washed with buffer (0.1 M, pH 7.2 sodium cacodylate) and then secondary fixed with
Osmium Tetroxide (1 h). After buffer washes, samples were dehydrated through grades
of ethanol, and resin embedded (in Agar low viscosity resin). The resulting block was
sectioned with a Leica Ultracut E ultramicrotome using a Diatome diamond knife (Agar
Scientific; Stanstead UK), with sections (80 nm thick) transferred to a 200 µm mesh
thin bar copper grids (Agar Scientific). Sections were stained with uranyl acetate and
Reynolds lead citrate and images captured on a JEOL 1400 TEM using a variety of
magnifications with scale bars embedded on each. An accelerating voltage of 120 kV
was used to capture images using a Gatan Orius camera.
4.2.3 Transepithelial Electrical Resistance (TEER)
Transepithelial electrical resistance (TEER) was monitored daily on cells cultured on
Transwell inserts (double seeded) using an Endholm 12 culture cup connected to an
EVOM epithelial voltohm-meter (World Precision Instruments, Hertfordshire, UK).
This measurement primarily reflects the flux of sodium ions (mainly) through an in-
tact cell layer and is a measure of cellular integrity/confluency. All measurements were
made in duplicate due to the sensitivity and stability of the culture cup, blank corrected
and adjusted to the 1.05 cm2 filter surface area (12 well insert; Falcon, UK). Appro-
priate blank corrections were determined from bare filter inserts freshly incubated with
apical (L-15: saline of pH 7.7 [mid], L-15:saline pH 7.4 [posterior] or L-15 of pH 7.5)
and basolateral solutions identical to are given as Ω cm2.
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4.2.4 Choice of exposure solution
Prior to the experiment, Cortland saline (as per Klinck and Wood (2011); 133 M NaCl,
5 KCl, 1 M Ca(NO3)2, 1.9 M MgSO4, 5.5 M glucose; pH = 7.4) and a medium solution
(L-15) were investigated for deviations from normal growth of the cell line. In order to
ensure good cell health, a solution of unconditioned medium (L-15 with no antibiotics or
FBS) and saline was also compared. Briefly, cells were seeded on tissue culture treated
six well plates at a density of 10×104 cells/ml and allowed to attach for 24 h in L-15
medium with 10% FBS. After 24 h, all medium was replaced with either unconditioned
L-15, Cortland saline, or L-15/Cortland saline solution at a ratio of 1:1. Images were
recorded over an 8 day period, where day 1 is representative of samples directly after
solution exchange.
Stock concentrations of copper were measured prior to each experiment by inductively
coupled plasma mass spectrometry (ICP-MS) to ensure consistent exposure concentra-
tions across experiments. Osmolality of all saline and exposure solutions (L-15:Cortland
Saline) was measured using a 5004 µ Osmette micro osmometer (Precision Systems,
Massachusetts, USA). Under all combinations of pH and copper to be used in exper-
iment, the measured osmoality was 204 mOsm with a coefficient of variation between
samples of between less than 2%. This ensured there was no osmotic gradient between
treatment conditions. Following the choice of exposure solvent (L-15:Cortland Saline),
copper in the form of copper sulphate (CuSO4 · 5H2O), was added to pre-seeded six
well plates (as previous) to give a final concentration of 3 µM, 63 µM, and control (500
µM) per well. Images were recorded over an 8 day period, extending significantly over
the experimental exposure period.
Observations of RTgutGC cells grown as monolayers over 8 days in three different
medium combinations identified significant differences in overall attachment and mor-
phology of cells (Figure 4.1. However, based on visual examination, there appears to
be little difference between the L-15 medium and the 1:1 combination of medium and
saline. The apparent stress (change in morphology from cobblestone to elongated spin-
dle shape) experienced when cells were left to grow in saline was predictable due the
stress of nutrient limitation.
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Figure 4.1. Morphological changes of RTgutGC monolayer cultures exposed to different combi-
nations of exposure solution. Cells were seeded high, allowed to attach for 24 h before exchanging
the medium for for L-15 medium (no FBS), Cortland Saline (Klinck and Wood, 2011) or a com-
bination of L-15 and Cortland Saline at a ratio of 1:1. Day 1 indicates 24 h after medium
exchange, with monolayers treated to a combination of saline and L-15 showing comparable
morphology to control. Scale bar equivalent to 100 µm.
4.2.5 Experimental incubation
Prior to experiment, cell viability of the RTgutGC cell was assessed using the trypan
blue cell exclusion assay, with a viability of >98% deemed appropriate for future exper-
imentation. Cells were seeded as outlined in previous sections and medium exchanged
after 48 h (full basolateral and half apical). A half medium exchange (unconditioned
L-15) was carried out on day 4 of cell growth (apical and basolateral). This Transwell
system allows for the growth of a monolayer in the apical compartment, with modifi-
cations of the medium in both the apical and basolateral compartment possible. The
basic premiss of this research is identify how comparable this model is to observations
from "gut sac" preparations. In preliminary work carried out prior to the experiment,
the RTgutGC cell line is able to tolerate apical saline completely for a period of 24 h,
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but at a ratio of 1:1 (L-15:saline) is capable of tolerating it for a period of 96 h without
adverse affects in terms of cell viability or LDH [data not included]. Due to this capac-
ity, the experimental design allows for probing whether modification of the pH of the
apical medium to physiologically relevant ranges (pH 7.7 and 7.4 which relate to the mid
and posterior range respectively as reported by Fard et al. (2007)) would modify the
cell line behaviour in terms of uptake and other biological responses to a more region
specific response. Hence, on day 5, 500 µL was removed from all apical compartments,
and exchanged for 500 µL of controls (unconditioned L-15:saline pH 7.7/7.4) or copper
consisting of the control solution spiked with 6 and 126 µM of Cu. Stock concentrations
of copper sulphate (CuSO4 · 5H2O) were made prior to the experiment, with experi-
mental dosages measured prior to each experiment by inductively coupled plasma mass
spectrometry (ICP-OES; iCAP 7000 Series ICP spectrometer,ThermoScientific, USA)
with standards from ThermoFisher. All experiments were carried out on Transwell in-
serts (LDH, genotoxic damage, copper uptake, transcriptional response) under double
seeding conditions except for quantification of tight junction formation and cell viability
which were grown as single seeded monolayers. Characterisation of response of cells to
Cu began with exposure on day 5, with the first sample recorded on day 6 (day 1 of
exposure) etc. To aid in comparisons to literature, the exposure conditions will hence-
forth be refereed to in hours (24, 48, 72) to denoted time elapsed post exposure and
avoid confusion with period of time to culture.
4.2.6 Biochemical assays:
4.2.6.1 Determination of cell viability
Cell viability was assessed as previously outlined in Chapter 2, Section 2.4.2.
4.2.6.2 Lactate dehydrogenase (LDH)
Concurrent to the collection of medium from apical compartment of cells grown on
Transwell inserts for analysis of Cu uptake, 200 µl of exposure medium was collected
from surplus fluid (at 24, 48 and 72 h) and tested for extracellular stress via the LDH
assay as previously outlined (Chapter 2, section 2.4.1).
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4.2.6.3 Determination of genotoxic response
The measurement of genotoxic response to the RTgutGC cells following Cu exposure was
assessed using single gel electrophoresis or comet assay and performed as per previously
outlined (Chapter 2, section 2.5). Comet assay software packages record a number of
different parameters, with % tail DNA considered the most reliable (Kumaravel and
Jha, 2006). Hence, comet assay results are reported as % tail DNA.
4.2.7 Copper uptake using ICP-OES
For analysis of copper uptake in the Transwell intestinal system, the experimental de-
sign consisted of 3 exposure concentrations in the apical compartment of the Transwell
system (L-15:saline control, 3 and 63 µM) over a 72 h period. Exposure concentrations
chosen represent nominal concentrations of Cu found in the supernatant of gut con-
tents and have been associated with reported standard farm diets between 5-70 µM L
−1 (Nadella et al., 2006b), though these concentrations are dependent on on what region
of the gut is sampled (Ojo and Wood, 2007). Medium was removed from the apical (1
mL) and basal (2 mL) compartment of the insert and analysed separately to account
for active transport of the copper between the apical and basal compartment (24-72 h).
Duplicate samples were analysed with calibration, reagent blanks and reference material
(Cu) to check quality assurance and quality control and the beginning, during and at
the end of each ICP-OES run. For each model, biological variability was incorporated
by repeating the experiment in non-parallel passages (non-serially grown passages), so
henceforth all results presented are indicative of an n of 4 (passages 24-37). The accu-
mulation/loss of copper was analysed among the treatment concentrations (0, 3 and 63
µM), time and between exposure solution conditions (pH 7.7 / 7.4).
4.2.7.1 Copper uptake analysis
Copper uptake(nmol cm−2 h−1) was calculated based on Klinck and Wood (2011) with
some small modifications. The uptake rate has been modified to represent
Jin = cpm× (SA× t×GSA)−1
where, CPM now represents final concentration in ppm, SA represents the initial mea-
surements (initial exposure taken from stock reagents), t is the flux time (how long
they were exposed; 24 , 48 and 72 h) and GSA is the insert surface in cm2. Uptake
rate was based on supernatant collection from the apical compartment during exposure
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experiment and standardised to surface area of Transwell cup where a larger Cu con-
centration at end would indicate reduced copper metabolism in the model. Data was
tested for assumptions and analysed using analysis of variance (ANOVA) with exposure
concentrations, time course and pH of exposure solution as the main factors.
4.2.8 RNA extraction and reverse transcription
Due to 3µM copper representing environmental background copper in aquatic systems,
this concentration was used as the negative control in this portion of the experiment.
Total RNA was isolated from pooled Transwell samples (3) of double seeded RTgutGC
cells using RNAzol RT (R4533; Sigma, Germany). RNA quality was assessed using
a Nanodrop ND1000 (ThermoFisher, UK), and RNA concentration quantified using a
fluorescence kit (Quant-iT RiboGreen; Life Technologies, UK) according to manufac-
turer’s instructions. Twenty nanograms of samples with OD260:OD280 > 1.9 and crisp
bands were used for reverse transcription with NanoScript2 Reverse Transcription kit
with Oligo-dT primer and random nonamer primers (RT-nanoScript2; PrimerDesign,
UK). RT-PCR was performed on samples in triplicate (Step-One Plus RT-PCR system,
Applied Biosystems) on a 384 plate with reactions containing 5 µL of Syber Green,
forward and reverse primers (5-10µM as per supplementary information), reference dye
and nuclease free water to a final volume of 10µL per well and 2 µl template cDNA.
Initial denaturation was 94◦C for 2 min, followed by 40 cycles of 94 ◦C for 15 sec and
60 ◦C for 1 min, with a melt curve to verify PCR-product purity. RT-controls and
appropriate no-template controls were also run using sterile nuclease free water.
4.2.9 RT-qPCR
Primer concentration was optimised prior to experimentation to improve performance
of RT-PCR as suggested by (Mikeska and Dobrovic, 2009) and numerous manufactur-
ers. The resulting primer concentrations used in the current research are presented in
Table 4.1. Following this, RT-qPCR was conducted using a QUANT Studio 12K Flex
(Life Technologies) on 384 plates. Three biological replicates were used for each target
gene, with each individual assessed in triplicate. Each sample contained cDNA (final
concentration 10ng), 5 µl of Syber Green JumpStart Taq ReadyMix (S4438; Sigma),
forward and reverse primers (5-10 µM dependent on primer matrix table, reference dye
and nuclease free water water to a final volume of 10 µl per well. No-template controls
and RT-controls were also run using sterile nuclease free water. Melt curves for all
samples were plotted and analysed using the StepOne software (Version 2.3; Life Tech-
nologies) to ensure the presence of a single product formed through amplification and
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the absence of primer dimers. In addition, primer products are confirmed by agarose
gel electrophoresis to ensure the samples have a unique band with no primer dimers,
secondary PCR products or residual primers.
Relative expression ratio (RER) of 5 genes (CYP3A, mtA, SOD, GST and Pgp) was
calculated relative to a pseudo reference gene composed of β-actin, ef1 (elongation factor
1) and 18s as per recommendations by Vandesompele et al. (2002) to mitigate relatively
large errors in the use of a single reference. Amplification efficiencies of individual
reactions were incorporated as per recommendations by Liu and Hu (2002), with PCR
efficiency measured using LinRegPCR (Ramakers et al., 2003) relative to a "pseudo-
housekeeper". Data was analysed using the efficiency corrected method of Pfaffl (Pfaffl,
2001), with individual sample efficiency (calculated using LinReg) as has been recently
applied in other RT-PCR analysis methods (Rao et al., 2013). Statisitcal analysis of
gene expression data was carried out using the non-parametric Wilcoxon Rank Sum
test on ∆Ct value (Cttarget - Ctreference) as recommended by Yuan et al. (2006). This
test was chosen due to its robustness with small sample sizes and lack of presumption
regarding data distribution.
4.2.10 Statistical analysis
Statistical analyses was performed in R Version 3.1.3 (RStudio, 2015). Data is given
as the mean value ± standard error of the mean (SEM), with "n" denoting replicates
(passages) per experiment. These replicates are representative of non-parallel passages
of the RTgutGC cell line, with each recording representing of 2-4 technical replicates.
All data was first tested for normality using the Anderson-Darling Normality test (AD)
in addition to examination of QQ-plots, while homogeneity of variance was conducted
using Levene’s test, and appropriate parametric or non-parametric was then applied.
Data which did not meet the assumptions of parametric tests were analysed using the
Kruskal-Wallis test followed by Dunn’s pairwise posthoc test with Bonferroni correction.
In addition to analysis of Relative expression ratio, correlations between gene’s were
determined using Pearson’s correlation co-efficient. Due to the multiple factors, data
was analysed using a 2-way ANOVA with Tukey’s pairwise comparisons as post hoc if
test assumptions were met. As per Dallas et al. (2013), medium values of % tail DNA
was used for statistical analysis. For all statistical analyses, a value of p < 0.05 was
considered significant.
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4.3 Results
4.3.1 Morphological characterisation
RTgutGC cells, double seeded on permeable Transwell supports with a pore size of 0.4
µm, were used as a model system for fish intestinal cells. The cells demonstrated typical
epithelial morphology when grown as a single monolayer (Fig 4.2a). Histological stain-
ing of the double-seeded monolayer revealed weak staining of neutral mucosubstances
indicative of mucus secretion of the epithelial cells (Fig 4.2b). Additionally, cells con-
sistently (in both single and double seeded form) expressed the tight junction protein
Z0-1 and E-cadherin supporting the identification of these cells as epithelial in nature
(Fig 4.2c). Examination of the ultrastructure of the double seeded cells revealed a po-
larised monolayer of cells grown for 5-7 days on Transwell supports (Fig 4.2d). The
untreated cells exhibit basally located nuclei and apical microvilli (Fig. 4.2d). These
layers are rich in mitochondria, rough endoplasmic reticulum and tight junctions. The
microvilli protrusions on the apical side of the membrane has been verified through the
identification of a fibrillary coat or glycocalyx on the outside of the structures identified
as microvilli and which are present even under saline exposure conditions (Fig. 4.2e). In
addition, as support of these structures as micro-villi, the filamentous cytoskeleton of
the micro villi was observed extending into the monolayer cytoplasm (Fig. 4.2f). Cells
developed a transepithelial electrical resistance (TEER) of 14 ± 1.33 Ω cm2 and 17 ±
5.02 for single and double seeded cells over 9 days respectability, with no significant
difference observed in either model over time (n = 4, p > 0.05)(Fig. 4.2g).
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Figure 4.2. Characterisation of the double seeded intestinal fish model. (a) Characteristic ep-
ithelial growth of the RTgutGC cell line after 7 days in culture. (b) Double seeded RTgutGC cells
grown on Transwell inserts showing weak positive staining for neutral mucosubstances indica-
tive of active mucous secretion. (c) Immunofluoresence staining for ZO-1 (red) and E-cadherin
(green) of double seeded RTgtuGC cells grown on Transwell inserts. Nucelei were counter
stained with DAPI (blue). As expected, ZO-1 is expressed predominantly on the periphery of
cells, while E-caderin is localised to the cell surface. (d-f) Sub-cellular characterisation of double
seeded RTgutGC cells revealing polarised cells with micro-villi protrusions [closed arrow heads]
(d) confirmed through the presence of the fibrillary coat surrounding the micro-villi protrusions
[filled arrow head] and presence of a filamentous cytoskeleton running the length of the structure
[open arrow] (e-f). Abbreviations: Rer= rough endoplasmic reticulum, M= mitochondria, L=
lysosomes, V= vesicles.
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4.3.2 Transepithelial electrical resistance
The replacement of the chopstick electrodes with the use of the static Endholm cham-
ber resulted in an increase in baseline TEER measurements (Fig 4.3a). However, the
previously observed trend of a plateau in TEER following 6-9 days (Fig. 4.2g) was also
observed using this method. As cells integrated following the double seeding event (ini-
tial seeding denoted as day 0, secondary seeding day 1), TEER resistance increased by
approximately ∼40% from 126.24 ±2.96 Ωcm2 to 212.7 ± 37.6 Ωcm2 (n = 9) (Fig 4.3a).
Analysis of the data revealed non-normal data, with unequal variance. Significant dif-
ferences were observed over time (p < 0.05, Kruskal-Wallis) with Dunn’s posthoc test
revealing significant differences between day 3 and day 6 only (p < 0.05, Dunn’s test)
(Fig. 4.3a). A direct comparison of TEER between medium (pH 7.5) and medium:saline
(pH 7.7/pH 7.4) revealed an increase from 21.16 ± 0.6.75 Ωcm2 in L-15 alone to an aver-
age of 26.19 ± 4.77 Ωcm2 in saline on day 5 of sampling. This trend in increased TEER
in medium:saline solutions versus medium on its own is repeated when Cu exposures are
also incorporated. No significant difference in TEER was observed during the exposure
time of 6-9 days in L-15 alone (Fig: 4.3a), in the saline:medium combination (Fig: 4.3b),
or in any combination of pH, concentration or sampling time.
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Figure 4.3. Transepithelial electrical resistance (TEER) of the double seeded RTgutGC cell line
over a 9 day period under symmetrical conditions (L-15 & 10% FBS in both compartments)(a)
and asymmetrical conditions where saline was applied to the apical compartment at a 1:1 ratio
and L-15 medium was maintained as normal in the basolateral compartment (b). Significant
differences were only observed between day 3 and day 6 (a), but not during the experimental
time period (day 6-9). The application of saline to the apical compartment reveals a comparable
trend in increased resistance (TEER) over time with a stabilisation after 72 h, a trend which is
also repeated in L-15 medium alone but not at the same scale. Significance was set at p > 0.05.
4.3.3 Biochemical assays
4.3.3.1 Cell viability
Three experiments from non-parallel passages (passages 17-33) were analysed for vari-
ation in cellular viability using the APH assay following the multi-factor Cu exposure.
As data was presented as cell viability as a percentage of the control following medium
autofluorescence blank correction (L-15 medium with no exposure), data was logit trans-
formed. Application of Anderson Darling normality test revealed normal data (n = 3,
p > 0.05), with homogeneous distribution (QQ-plot). A two-way ANOVA revealed no
significant differences between concentrations (p = 0.27) or pH (p = 0.92). Nonetheless,
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significant differences were observed between time which is consistent between assays
(p < 0.001), with Tukey’s posthoc test identifying differences between 24 and 48 h cell
viability (p < 0.001) and 48 and 72 h exposure (p < 0.001) (Fig 4.4a & b ).
4.3.3.2 LDH activity
Four experiments from non-parallel passages (passages 24-32) were analysed for damage
to the cellular membrane following Cu exposure. Data was analysed using a Kruskal
Wallis test due to non-normal data with unequal variances and found no significant
differences between any of the factors (time, Cu concentration or pH). The data is
presented in Fig 4.4c & d as the release of LDH into the medium corrected by cell
count.
4.3.3.3 Genotoxic response
Three experiments from non-parallel passages (passages 22-30) were analysed for geno-
toxic response to Cu using our multi factor experimental design. Mean % tail DNA
was used in analysis due to its normal distribution (p = 0.20, AD test). As noted in
previous assays, no genotoxic response was found between Cu concentrations. However
significant difference was identified over time (p < 0.001) with Tukey’s post hoc test
identifying differences in responses between 24 and 72 h (p < 0.001) and 48 and 72 h (p
< 0.001) respectively (Fig. 4.4e & f.), a trend previously observed in the cell viability
assay.
4.3.4 Copper uptake
Four experiments (n=4) from non-parallel passages (24-32) were analysed for difference
in Cu uptake rate dependent on pH of exposure solution in apical compartment of
Transwell system. All samples used for Cu uptake had a baseline TEER value of >20
Ωcm2. Background concentrations of copper in the Cortland saline at both pH 7.7 and
7.4 were 0.0468 ± 0.0022 ppm (0.73 ± 0.03 µM) and 0.01198 ± 0.00647 ppm (0.19 ±
0.10µM) respectively prior to exposure. Analysis of the data revealed non-normal data,
with unequal variance. Significant differences was observed over time for both 3 µM (p
<0.001, Kruskal-Wallis) and 63 µM (p <0.001, Kruskal-Wallis). Dunn’s posthoc test
revealed significant differences between 24 and 72 h at 3 µM Cu exposure (p<0.001,
Kruskal-Wallis) (Fig 4.5a), while significant difference were also observed between 48
and 72 h (p <0.05, Kruskal-Wallis) for the 63 µM Cu exposure (Fig 4.5b). A clear
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Figure 4.4. Changes in LDH (extra-cellular) (a & b), cell viability (APH) (c & d) and genotoxic
damage (e & f) induced following a combined saline/Cu exposure were compared. The legends
located at the bottom of the graph denotes the order of the concentrations, with the first graph of
every assay representing pH 7.7 (equivalent to mid intestine) and the second graph representing
pH 7.4 (equivalent to posterior intestine). Values are presented as the mean ± SEM, n = 3 - 4
passages with 3 - 4 technical replicates. Significance was set at p < 0.05.
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trend in response is visible at both concentrations, with the lower Cu concentration
demonstrating a clear pH paired response. However, at the higher Cu concentration,
the higher pH of 7.7 (representative of mid intestinal pH) clearly reaches a plateau
of uptake with limited difference in response over time (Fig 4.5a). In contrast, the
lower pH of 7.4 (representative of posterior intestinal pH) demonstrates a comparable
trend to observations at the lower Cu concentration (Fig 4.5b). This obvious trend in
Cu dependent uptake reiterates the functional properties of this model which reflect
previous "gut sac" observations.
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Figure 4.5. Intestinal Cu uptake rates in vitro using the double seeded RTgutGC cell line. No
significant difference was found between pH (Kruskal-Wallis). Data is representative of 4 non-
parallel passages and presented as mean ± SEM due to unequal sample sizes. Significant was
set at p < 0.05, with significant differences recorded between 24 and 72 h at 3 µM Cu, and
between 48 and 72 h following 63 µM Cu exposure.
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4.3.5 RT-qPCR
The efficiency of RT-qPCR primers varied with individual samples which was accounted
for during analysis but typically ranged from 80-90% as assessed by the LinReg pro-
gramme. The expression of five genes related to xenobiotic defence, metal and oxidative
stress were investigated in the Transwell model under 2 apical pH exposure scenar-
ios. Analysis of data revealed no significant difference between pH or over time (p >
0.05)(Fig 4.6). Pearson’s correlation analysis of gene expression on ∆Ct values shows
significant positive relationships between analysed genes as presented in Table 4.2.
Table 4.2. Pearson’s correlation coefficient of all combinations of genes investigated in this study
following exposure to copper in the RTgutGC cell line. Strong positive correlations were found
in all combinations of genes. Astrix (*) denotes a p < 0.05.
CYP3A GST mtA Pgp SOD
CYP3A 1 0.91* 0.97* 0.95* 0.95*
GST - 1 0.87* 0.88* 0.84*
mtA - - 1 0.98* 0.97*
Pgp - - - 1 0.95*
SOD - - - - 1
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Figure 4.6. Relative expression ratio of five genes following Cu exposure in double seeded
RTgutGC intestinal model. Data is presented as the mean of four experiments with standard
deviation based error bars. Results were analysed using the non-parametric Wilcoxon signed
rank test (on ∆Ct) with no significance difference identified between pH’s or over time (p >
0.05.
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4.4 Discussion
Whilst studies have been carried out to determine the toxicity of metals to intestinal
tissue ex situ via "gut sac" methodology (Nadella et al., 2011, 2007; Leonard et al.,
2009; Nadella et al., 2007; Ojo and Wood, 2007; Nadella et al., 2006b), there is little
information on the intestinal response in vitro. In the present study, we have estab-
lished an improvement in the response of the RTgutGC cell line under double seeding
conditions which better mimic the native physiology of the rainbow trout intestine.
RTgutGC cells express the weak presence of neutral mucosubstances characteristic of
the distal region of the rainbow trout intestine (Fig 4.2b), while intracellular tight junc-
tion formation is evidenced by pronounced staining for ZO-1 and E-caderhin, junctional
complexes seen in the electron micrographs (TEM), and comparable TEER to in vivo
intestinal reports (50-400 Ω cm2) (Jutfelt et al., 2006; Trischitta et al., 1999). Finally,
cellular morphology is similar to differentiated enterocytes (Fig 4.2d), which have been
confirmed as micro-villi protrusions through the presence of a filamentous cytoskeleton
connecting micro-villi to the underlying monolayer in addition to a fibrillary coat sur-
rounding the protrusions (Fig 4.2e-f). The retention of functional properties of tissue
in established cell lines is not unique, with other aquatic cell lines reporting similar
findings (). Unsurprisingly, this is reported more often in ex vivo cultures (Stott et al.,
2015; Baron et al., 2012; Dowling and Mothersill, 2001) which are thought to retain
more morphological and metabolic comparability to native tissues due to its complex
nature and heterogenous cell supply during cellular isolation. Based on morphological
characterisation, the RTgutGC intestinal model would be well suited to investigate Cu
uptake (or other chemicals) and metabolism in a dietary context.
In toxicological investigations using Transwell models, transepithelial resistance is rou-
tinely used as an endpoint in both cultured mammalian epithelia (Vllasaliu et al., 2014;
Leonard et al., 2010; Sambuy et al., 2005), gill epithelia (Schnell et al., 2016; Stott et al.,
2015; Jonsson et al., 2006; Wood et al., 2002) and more broadly in permeability stud-
ies (Buckley et al., 2012). During this study, the TEER profile of the RTgutGC cell line
demonstrated comparable resistant and trends to other intestinal derived cell lines with
increased resistance following medium change and comparable baseline resistance to in
vivo reports (50-400 Ω cm2) (Jutfelt et al., 2006; Trischitta et al., 1999). A previous
study using the RTgutGC cell line in a Transwell system also reported TEER of approx-
imately 33 ± 3 Ω∗ cm2 on a 6 well Transwell insert after 21 days (Geppert et al., 2016),
while we reported a comparable TEER after only 5 days of culture using the double
seeding technique (average of 26 ± 5 Ω ∗ cm2 for both L-15:saline solutions). Direct
comparison of both studies is difficult, as the larger the membrane or growth area of the
culture cup, the lower the TEER measurements. In our study, TEER of RTgutGC cul-
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tures demonstrated a moderate increase over time as previously noted by Geppert et al.
(2016). Interestingly, this trend in increased TEER was also repeated over time when
L-15 medium was exchanged for the experimental solution of L-15:saline, highlighting
its tolerance of the application of saline. Examination of the gill epithelial literature has
attributed TEER following replacement of medium with water/saline to a closure of ion
channels in response to reduced sodium chloride in the apical membrane (Jonsson et al.,
2006; Fletcher et al., 2000; Wood and Part, 1997). However, in the current study there
were minimal changes in sodium concentration between the two exposure solutions and
no significant differences between controls and exposures (i.e. no difference between L-
15 and L-15:saline). In the context of the intestinal system, sodium is a known osmotic
regulator and when combined with a hypertonic solution can have a major impact on
cellular resistance and permeability. Indeed, the reason that TEER may have increased
in the study model when exposed to saline may be due to the decreased osmolality of
the exposure solution (from 274 mOsm in L-15 medium to 204 mOsm in combination
solution) and the minimal decrease in sodium levels (approximately 69 nM to 44 nM).
This hypothesis is supported by Inokuchi et al. (2009) and Noach et al. (1994) in human
intestinal models. Using a hypotonic solution of 200 mOsm, Noach et al. (1994) observed
that after application to HT29-cl19A cells, no significant change in TEER was observed
following treatment apically. Instead, a clear increase in resistance was observed (∼
144%), something which the fish intestine and human colorectal adenocarcinoma cell
line have in common, although the degree of increase is substantially different between
pH 7.7 (∼ 168%) and pH 7.4 (∼ 58%).
Copper was used as a model toxicant as it is arguably the most extensively studied
metal in terms of dietary uptake and provides a reference for the comparability of the
Transwell system. The current study hypothesis postulated that the range of Cu stud-
ied would not induce significant changes in biochemical responses or TEER. Previous
studies of the uptake of Cu via the intestine have shown regions of this organ to be-
come supersaturated above a threshold of ∼ 63 and 157 µM for the mid and posterior
intestine as demonstrated using the "gut sac" model (Nadella et al., 2006b). It has been
postulated that the presence of this threshold (which demonstrates a maximum quantity
which the cells can effeciently absorb) will cause a reduction in the toxic action of this
metal on the apical/lumen membrane of this organ. Indeed, one drawback with the “gut
sac” approach is the potential for hypoxia in this ex situ model, an area of great interest
in vitro with 3D organoid models such as spheroids, where it has been difficult to mea-
sure the oxygen in the larger tissue structures (Langan et al., 2016). Using a variety of
biochemical parameters (LDH, cell viability and DNA damage) and later analysis of Cu
uptake, the presence of this supersaturation threshold in the RTgutGC in vitro intestinal
model is supported. Generally, LDH is used to detect minimal membrane damage by
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toxic agents (Acikgöz et al., 2013; Jurišić and Bumbaširević, 2008), with LDH activity
expected to increase with prolonged toxic exposure through the displacement of cal-
cium ligands and disruption of the membrane permeability as previously demonstrated
in fish by Mazon et al. (2004) and Bury et al. (1998). Comparable to other toxicology
models which support the presence of this supersaturation threshold (Teodorescu et al.,
2012, 2008; Antognelli et al., 2006), the current study demonstrates the presence of this
threshold through a reduction in both LDH release and lack of signifigant difference
in cell viability (APH assay) suggesting direct comparability to the in vivo tissue. In-
deed, this comparability is further enhanced when DNA damage is incorporated into the
characterisation. Higher concentrations of copper are known to induce DNA damage
in teleost species, either through dietary uptake or exposure via medium/water (San-
drini et al., 2009; Handy et al., 2000). Unlike other studies which aim to induce a
genotoxic response with very high concentrations of toxin, our study was limited to
environmentally relevant conditions (Alam et al., 2012; Bakke et al., 2010) and reports
no significant induction when examined using the alkaline comet assay in line with orig-
inal expectations (Jha, 2004). While no significant differences were observed based on
Cu concentrations for any of the biochemical or DNA damage assays used during this
study, it is interesting to note a clear trend in significant differences induced by time
which is comparable irrespective of the pH in both cell viability and DNA damage. The
observable trend would suggest that these two parameters are correlated and although
not investigated in the current study, similar observations have been reported in other
animal models and humans (Jha, 2008).
In fish, copper may be up-taken from the diet via the intestine or aqueously via the gill
and transported to the liver with differing Cu routes of exposure resulting in differential
uptake and transcriptional responses (Minghetti et al., 2008). Previous studies using
the "gut sac" model have established Cu uptake ranges in the rainbow trout intestine
based on individual regions (Nadella et al., 2006b,a) which have been outlined in Fard
et al. (2007) with no significant differences recorded between mid and posterior intestine
after a 2 H exposure. During the current research, Cu uptake (3 µM) calculated by the
RTgutGC cell line covers a comparable range for the mid (pH 7.7; 0.056 ± 0.018 nmol
cm−2h−1) and posterior (pH 7.4; 0.062 ± 0.036 nmol cm−2h−1) in vitro intestinal model
to that reported by Nadella et al. (2006b) where the typical rate was found to be 0.025
and 0.036 nmol cm−2h−1 for mid and posterior tissue respectively. Interestingly, uptake
rate is only significant over the sampling period which may denote the time necessary
for intrinsic homeostatic mechanisms to bring uptake and export rates into equilibrium,
as has previously been observed for both gill and intestine (Kamunde et al., 2002a). The
considerable (but not significant) decline in Cu (63 µM) in the proposed in vitro model
from the (pH 7.4) is suggestive that the posterior intestine is the most active site of Cu
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absorption in the rainbow trout (Fig 4.5b). This postulation has been supported in the
literature with both Kamunde et al. (2002a), Clearwater et al. (2000) and Nadella et al.
(2006a) also identifying the posterior intestine as the most active site for unidirectional
Cu uptake in juvenile rainbow trout.
In general, the mechanisms of gastrointestinal interactions of metals in animals and fish
are not clearly understood. It is known that the maintenance of Cu balance involves the
strict regulation of uptake, distribution, detoxification and excretion in fish (Kamunde
et al., 2002b). As such, our study investigated five genes related to xenobiotic defence,
metal and oxidative stress. In contrast to our preliminary hypothesis, no significant
difference was found between pH’s or over sampling period. This we believe may be
related to the levels of Cu used in the study and supported in the literature with Ka-
munde et al. (2002b) suggesting that mechanisms behind intestinal uptake of Cu may
require a threshold for optimal performance which are less effective when Cu levels are
low. Although no significant differences were observed during our study, it is important
to note the presence of metabolising enzymes suggestive of both Phase I (CYP3A) and
phase II (GST ) biotransformation capacity in this Transwell system. The prevalence
of correlations within our study (Tab 4.2 implies a harmonious metabolic system in
this intestinal model capable of first pass metabolism and protection. Previously, van
Herwaarden et al. (2009), El-Kattan and Varm (2012) noted that interplay between
Pgp and CYP3A, through the sharing of similar substrates and modulators (Hunter
and Hirst, 1997), enabled highly efficient metabolism in humans and thus could have a
profound effect on first pass elimination of drugs. This trend is also seen in other com-
binations of genes such as in metallothionein (mtA) and superoxide dismutase (SOD)
which were also positively correlated in our study (r2=0.97). In agreement with the lit-
erature, we propose that these two genes play a key role in protecting and maintaining
cellular functionality against metal induced toxicity, with Fang et al. (2010) proposing
their function in maintaining cellular metabolic homeostasis. Knowledge of transcrip-
tional expression is a logical addition to a more integrative comparison of in vivo and
in vitro studies, and will allow the correct placement and choice of such a model prior
to toxicity testing. While drugs were not investigated in the current study, the presence
of the aforementioned genes opens this model to further testing in other environmental
contaminants such as pharmaceuticals.
A variety of experimental models have been developed to target toxicology in the aquatic
environment and are readily available to the scientific community. The complexity spans
the range of system complexity from ecosystems to populations, whole animals, larval
stages, in situ perfusions, ex situ organs, tissue slices, 3D-organoids, co-cultures, pri-
mary cultures and mono-cultures of immortalised cells lines such as the RTgutGC. It
is axiomatic that each model has both advantages and disadvantages dependent on
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the scientific need. In order to summarise the current study, we first address where
the RTgutGC model falls with other in vitro animal alternative models. Unlike the
most commonly cited human in vitro model (Caco-2), the RTgutGC cell grown in a
Transwell system under double seeding conditions retains comparable morphological
characteristics such as microvilli formation, metabolic activity in the form of induction
of xenobiotic gene expression and similar metabolism of common metals to the native
tissue as demonstrated by Nadella et al. (2006a) without any modification. Although
single seeding of Transwell inserts has previously been carried out using the RTgutGC
cell line (Geppert et al., 2016) and is common among the culture of Caco-2 Transwell
models, TEER is directly comparable between the single and double seeded approach
despite differing culture times. Following thorough characterisation, our study is sug-
gestive of an improved more comparable model under double seeding conditions to "gut
sac" methodology, and would more readily support high throughout toxicity testing in
future research. Indeed, the similarity of uptake kinetics between gut sac preparations
and in vitro Transwell models (double seeded) is suggestive that the Cu uptake pathway
and potentially metal uptake in general is conserved across these models. This conser-
vation could allow for an increased understanding of dietary uptake and metabolism to
environmental metals in addition to other contaminants. Indeed, unlike other aquatic
models which require higher concentrations of toxins to detect a toxic response (such
as Schirmer (2006)), the RTgutGC model has shown itself to be akin to the standard
“gut sac” technique predominantly used in the dietary toxicity literature. Further, to
the establishment of comparable morphological developments via TEM, the RTgutGC
system is also able to tolerate varying pH apical saline solutions which simulates in vivo
scenarios, a finding previously observed for ex vivo cultures of gill epithelial (Stott et al.,
2015). Mimicking the absorptive barriers found in native intestine, the RTgutGC cell
line grown on Transwell inserts (and modified as outlined) provides an avenue for exam-
ining the permeability of environmental toxicants in two large sections of the intestine
as a replacement or supplement to in vivo animal tests in line with the tenet of the 3Rs
(Reduction, Refinement and Replacement of animals in science). Currently compounds
with a high lipophilicity (log Kow >4) have to be assessed under regulatory require-
ments for potential to bioaccumulate in aquatic systems using standard water or dietary
routes (Lillicrap et al 2016; OECD 2012). However, empirical experience would suggest
that compounds between 3 and 4.5 would be of lower risk of accumulation and these
could potentially be screened using a Transwell intestinal model such as that illustrated
here, rather than using live fish.
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Morphological and metabolic
characterisation of the rainbow
trout intestine grown in vitro:
from pyloric caeca to posterior
intestine (or rectum)
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Over the last fifty years since the establishment of the 3Rs, there has been a massive
move scientifically to refine, reduce and replace the use of animals in toxicity testing
which has been supported and encouraged societally. These methods are discussed in
full in Chapter 1. Until 1997, pre-systemic elimination of drugs was fully credited to the
liver in humans (Gavhane and Yadav, 2012), and argubaly as a consequence in many
other laboratory animals (terrestrial and aquatic). However, the reliance on one organ
to make xenobiotic metabolism in vitro predictions makes no sense biologically. The
established liver model is now being challenged in the aquatic systems, with Stott et al.
(2015) reporting first pass metabolism in the gills and numerous studies now addressing
the combined effect of liver and gill metabolism (for example Gomez et al. (2010) and
Jönsson et al. (2006)). Despite this move towards a more complex aquatic in vitro
system, this still ignores arguably one of the largest and critically important organs
in the body,the intestine. This oversight has begun to be addressed in mammalian
literature with numerous studies now looking at the combined effect of intestinal and
liver metabolism (e.g. Martignoni et al. (2006), but is arguably based on the wide
availability of established cell lines and ex vivo murine culture methods.
The intestine is one of the most thoroughly characterised organs by histology within any
species (see Chapter 1), however despite being well studied, the intestine is considered
one of the most difficult organs to culture irrespective of species. This is reflected in the
percentage of intestinal cell lines available, with human intestinal cell lines representing
less than 1.5% of total cell lines available, and aquatic systems equivalent to approx-
imately 0.8%. The development of simple methods of primary culture for intestinal
epithelial cells of immature and mature animals is highly desirable for many biotechno-
logical and clinical applications. Research into the maintenance of active agents (e.g.
food or medications) through ingestion and absorption across the intestine wall into the
blood circulation system is particularly relevant given the complications in sample col-
lection or observation of the intestine during these processes (Grajek and Olejnik, 2004).
Although continuous advances are being recorded in the field of human and mammalian
in vitro simulations of dietary uptake (e.g. artificial alimentary tract), research which
address this phenomenon in fish species are largely absent. A variety of isolation meth-
ods have been used for culture of intestinal epithelial cells in murine systems (Freshney,
2011). However, in cultures of fish intestine, cell isolation procedures are usually asso-
ciated with the chelation method (Salinas et al., 2007), although these studies mostly
isolate immune cells and do not address growing cells on artificial substrates.
Due to the sparsity of in vitro intestinal models outside of the dominant mammalian
system, this study aimed to address this discrepancy. Not restricted to a single section
due to ethical constraints (human models), and with knowledge of the inherent physi-
ological differences between rainbow trout’s gastrointestinal tract, the development of
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a viable ex vivo, physiologically comparable fish based intestinal model was explored.
The goal of the study was the development of a model which showed the complexity
of the fish intestine in terms of regional differences as outlined by Fard et al. (2007)
and Uldal and Buchmann (1996). Therefore, four primary cell culture models, viz. the
pyloric, anterior, mid and posterior epithelium cells, were developed. The development
of these culture models should assist in the study of epithelial cell processes in vitro us-
ing primary cells, such as metabolism, uptake and protection. Following physiological
characterisation, metabolic response was investigated using carefully chosen pharmaceu-
ticals to identify the comparability and sensitivity of these three dimensional models.
Non-transformed cells offer a platform to study toxic mechanisms at target sites of ex-
posure to deleterious agents while adhering to societal and regulative requirements for
minimal animal use.
Transport
Metabolism
Media
Saline
Ex vivo
Figure 5.1. Schematic representation of the plan for the development of aquatic intestinal models
based on regional isolation. Following successful cellular isolation and attachment, regional
models may be used to investigate transport (paracellular or transcellular) using Transwell
inserts, or metabolism using 96 well plate format (e.g. EROD or ECOD). Theoretically, the use
of such a system would as a consequence significantly reduce the number of animals required
in dietary uptake studies. In addition, segmental differences in response could also be probed.
In theory, the use of the Transwell insert system would also allow for co-culturing of intestinal
regions at a later date (pyloric in apical and anterior in basal compartment) or even other
metabolically capable organs such as the liver or gill.
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5.1 Materials and methods
5.1.1 Stock concentrations
Stock solutions and aliquots of the following were mass prepared in order to facilitate
more efficient isolation procedure and reduce wastage.
1. Antibiotic stocks which included penicillin/streptomycin (10,000 units/mL ; 10
mg/mL) (P0781; Sigma Aldrich), gentimicin and amphotericin B (15290026; In-
vitrogen) where purchased and aliquots stored at -20 ◦C. All antibiotic stocks
were used within six months of purchase.
2. Dithiothreitol (DTT) (D1532; Invitrogen) was prepared in dH2O (0.145 mg/mL),
filter sterilized and stored in aliquots at -20 ◦C. The stocks were used within six
months and freeze/thaw cycles were avoided. Upon thawing, DTT stocks were
used immediately due to instability at room temperature or 4 ◦C as reported by
Goodyear et al. (2014).
3. Fetal Bovine Serum (FBS) (11563397; Invitrogen) was purchased as part of a
large reserve (1150764789) in order to ensure consistency between experiments.
Appropriate manageable volumes of FBS were chosen which allowed fresh FBS
to be utilised for every experiment (50 mL), and aliquots stored at stored at -20
◦C.
5.1.2 Working solutions
Directly prior to extraction of cells from pyloric and anterior, the following reagents
were prepared.
1. 1 mM EDTA solution in HBSS (H8264)
2. 1 mM DTT Solution in HBSS (H8264)
3. DPBS and 2% pencillin/streptomyocin and Fungizone
4. DNase I at a concentration of 5 mg/50 mL
5. 0.5 units (0.05 g/50 mL) of Dispase, 0.5 units (0.05 g/50 mL)collageanse, 1 mg/mL
DNase I (0.1 g/50 mL), 1% antibiotics, 2.5 µg/mL fungizone and 5 mL FBS in
HBSS (H8264). The mixture was thrice inverted to gently mix.
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6. 0.05% Trypsin (25050-014; Invitrogen)
7. Pyloric growth medium: Minimum essential medium (MEM) (31095-052; In-
vitrogen), 2X NEAA, 4 mM L-glutamine (total concentration, 25030-081; Invit-
rogen), 10 mM HEPES (H0887, Sigma), 10%FBS, 1-2% antibitoics and (1%) or
2.5 µg/mL fungizone is added to MEM (11095-080).
8. Anterior growth medium: 2X NEAA, 4 mM L-glutamine (total concentration,
25030-081), 10 mM HEPES (H0887, Sigma), 10%FBS, 1% antibitoics and 2.5
µg/mL fungizone is added to high glucose MEM (D5671 ; Sigma)
9. Mid and Posterior growth medium: 2% pencillin/streptomyocin, 10%
FBS,2.5 µg/mL fungizone
It should be noted that while basic medium compositions are outlined above per region,
this is not all inclusive and additional components were required dependent on age/size
of experimental animal as will be discussed.
5.1.3 Standardisation of preliminary methodology
Initially, as outlined in Chapter 2, fish were starved prior to tissue extraction. However,
this proved detrimental to the successful isolation and attachment of the cells and was
abandoned. Hereafter, fish used during subsequent experiments were sampled under
normal stress free conditions.
Each fish was weighed (n = 2 per experiment), length recorded and surface sterilised
with 70% ethanol. The intestinal tract was carefully removed, collected in 50 mL tubes
with ice-cold calcium and magnesium free HBSS (H6648; Sigma), unconditioned medium
or water supplemented with 1% antibiotics and immediately transported to the labora-
tory on ice. Fat, mesenteric tissue and gross debri were removed using a scalpel blade
and springbow scissors and excess mucous removed using dry paper towels (see Pan
et al. (2012)), and the intestine measured and cut (anterior-posterior equivalent to 1/3
of the total intestinal length from culmination of the pyloric caeca) as outlined in the
Appendix (Primary culture optimisation). The intestinal segments were opened longitu-
dinally to aid in cleaning, and then dependent on size cut into 2-3 longitudinal segments
before cutting into smaller tissue pieces using Springbow scissors. Cleaning occurred
through repeated washes with DPBS or HBSS without magnesium or calcium with 1%
pencillin/streptomyocin (3-10 times until solution had little to no debri). Thereafter,
sterile technique was employed throughout with a laminar flow hood used for further
washing, filtering and plating.
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5.1.4 Culture conditions of the pyloric caeca
Preliminary steps in the methodological extraction of cells from the pyloric caeca began
with standardisation of the dissection process as outlined in Figure 5.2. In order to in-
crease the effectiveness of the enzymatic penetration and digestion on the pyloric caeca,
tissue sections held in wash solution post dissection were incubated with DTT (fresh
from frozen stock) made in HBSS with no calcium or magnesium and supplemented
with 1% antibiotics. DTT acts as a mucolytic agent which aids in the removal of mu-
cous trapped in between microvilli projections. After incubation, tissue was incubated
in various concentrations of EDTA (RT), EDTA/DTT (RT) collagenase (heated to 37
◦C or RT), dispase(heated to 37 ◦C or RT), collagenase/dispase (heated to 37 ◦C or
RT), trypsin and versene (4 ◦C or RT), Trypsin-EDTA with or without DNase (4 ◦C or
RT) or collagenase/dispase with trypsin and DNase (heated to 37 ◦C or RT). Follow-
ing incubation, each methodology coincided various combinations of vigorous pipetting,
triturating (with wide pore 25 mL sterological pipette), shaking (50-500 rpm) or in-
version. Appropriate incubation time was determined by visual inspection of solution
cloudiness in addition to microscopic examination of tissue. Following the isolation
of cells into suspension, the supernatant was decanted through a 40 µm cell strainer,
with the tissue washed thrice with wash solution or medium and decanted through
cell strainer to ensure complete collection of cells. Cell pellets were isolated through
centrifugation, washed thrice with medium after initial pellet step and re-suspended in
10 mL of medium with 10% FBS and 1% antibiotics. Following this, a sub-sample of
the cells was collected prior to plating for cell count via the Trypan blue dye exclusion
method.
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(a) Viscera removal (b) Mesentry removal
(c) Cleaned pyloric (d) Pyloric dissection
(e) Caeca dissection (f) Dissected caeca
Figure 5.2. As outlined in the Appendix (primary culture optimisation), correct dissection of
the intestinal tissue plays a central role in the experimental success. Following longitudinal
dissection of the fish from pectoral girdle to anus, the visera is removed (a), caeca carefully
identified and removed by dissecting at stomach and cessation of caeca on intestinal length.
Thereafter, mesentry is carefully removed using a downward motion of a disposable scalpel (b)
with pyloric caeca easier to identify and remove when the tissue is cleaned (c). Pyloric and
caeca are considered clean by visual inspection equivalent to approximately 80% removal. The
pyloric caeca are removed and intestinal tissue holding the caeca is further cleaned (d). Each
individual pyloric caeca is dissected down the middle (e) and then opened longitudinally on
paper towelling to remove extra mucous (f).
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5.1.5 Culture conditions for anterior to posterior intes-
tine
As with the culture conditions outlined for the pyloric, preliminary steps in the collection
and dissection of the tissue were firstly established and outlined diagrammatically (see
appendix). Briefly, intestines were collected, brought to the laboratory on ice and dis-
sected. Tissue was further divided by dissecting each segment longitudinally (3-5), and
cutting these strips into 0.5-1 cm2 in size into 50 mL tube and incubated in DTT (5-20
min). Thereafter, digestion procedures based on preliminary data outlined in Chap-
ter 2 include incubations with DTT/EDTA (together and separate), collagenase (1-3
mg/mL), dispase (0.1%), collagenase/dispase (0.1%) or trypsin in HBSS/DPBS/verene
at RT or 4 ◦C with and without DNase addition in order to increase cellular yield and
attachment efficiency. Appropriate incubation time was determined by visual inspec-
tion of solution cloudiness in addition to microscopic examination of tissue. Following
isolation of cells, tissue was decanted through a cell strainer (40-100 µm diameter size),
with tissue washed thrice with wash solution or growth medium containing 10% FBS
and 1% antibiotics. At this time, variation in mixing via inversion, mechanical shak-
ing, vortex, or vigorous/gentle trituration was also investigated. Cells were pelleted via
centrifugation, washed twice with growth medium and re-suspended in medium. Cells
were plated up, with a sub-sample collected to test for cell viability via the Trypan blue
dye exclusion method.
5.1.6 Physiological characterisation
In order to ascertain if differences exist between intestinal regions, weight of intestine was
contrasted with quantity of cells extracted and where possible, differences in size (cm)
were also quantified. Furthermore, due to the availability of the rainbow trout intestinal
cell line (RTgutGC), this was ran as control to quantify differences between cell line and
origin and to show comparability/consistency between in vitro models.
5.1.6.1 Periodic acid-Schiff staining
Following successful isolation and attachment of cells from each region of the intestine,
each culture was subjected to staining for mucoscubstances as outlined in Section 2.3.1.2.
Briefly, cells were allowed to grow to grow to confluency, fixed and stained with Alcin
blue. Therafter, cells were oxidised with 1% aqueous periodic acid, and washed with
distilled water before counter staining with Schiff’s reagent.
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5.1.6.2 Transepithelial Resistance (TEER)
Transepithelial electrical resistance (TEER) was monitored periodically on primary cells
cultured on Transwell inserts (Falcon) using an Endholm 12 culture cup connected to an
EVOM epithelial voltohm-meter (World Precision Instruments, Hertfordshire, UK) as
per Section 4.2.3. All measurements were made in triplicate and blank corrected. Mea-
sured TEER values were expressed as Ω cm2 based on Transwell filter surface area.
5.1.6.3 TEM
Due to difficulty in visualisation of adherent cells on Transwell inserts, cells grown in
this way were stained with crystal violet as outlined in Section 2.3.1.3 prior to TEM ex-
periments in order to reduce wastage and ensure quality images. The pH of the solution
was modified (pH = 2.8) to account for potential contamination with fibroblastic cells
(due to primary culture methods) as per Booth and Shea (2002). Intestinal tissue prior
to cellular extraction was first visualised via TEM to identify comparable morpholog-
ical structures between regions and then across models. Intestinal tissue and primary
cells grown on Transwell inserts were processed as per the methodology outlined in
Section 2.3.4.
5.1.6.4 Periodic Acid & Schiffs stain
Following the extraction and attachment of cells to tissue culture treated plates, cells
were fixed and stained as outlined in Section 2.3.1.2. Images were captured using
OCview7.
5.1.6.5 Immunohistochemical Staining
The staining of tight junctions, confirmation of epithelial cells and presence of F-actin
plagues on cells was carried out as follows: following the enterocyte isolation, primary
cells were allowed to attach and grow. Cells were subsequently stained following the
protocol outlined in Section 2.3.2.2 for tight junctions and Section 2.3.2.1 for F-actin
respectively. In order to ensure comparability between the in vivo and in vitro model,
samples of each intestinal region was subsequently qualified for tight junction expression.
In this experiment the method varied as follows, tissue was fixed, processed as outlined
in Section 2.3.1.1 and tissue sections of 4 µm processed for tight junction quantification
following xylene incubation and ethanol rehydration. Images were captured using a
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Nikon epifluoresence microscope (Eclipse 80i) with camera attachment (DS-Qi1Mc) and
data captured using NIS elements.
5.1.7 Biochemical Characterisation
In order to show active metabolic pathways within the model, two assays to determine
CYP1A and CYP3A (as described below) were used as a proxy. Region specific controls
were used to induce a known response in the intestinal model grown as a monolayer. In
addition, activity within the model for the mid and posterior region was compared to
the established intestinal cell RTgutGC derived from this region, in order to ascertain
magnitude of difference between models.
5.1.7.1 Ethoxyresorufin-O-Deethylase
As outlined in Chapter 2, the EROD assay was carried out as per Section 2.4.3. As
with the cell line, the primary cultures were tested for comparability of response using
two well known CYP1A inducers (β-naphthoflavone or Benzo[a]pyrene (Sigma: B1760;
CAS:50-32-8) for an exposure period of 48 h. To ensure active metabolism, a inhibitor
in the form of α-naphthoflavone (100 µM) was run concurrently with the inducers.
EROD activity was measured in four-six individual cultures, covered two size ranges
(<25 cm and >25 cm) and encompassed two individual animals resulting in a total of
12-18 replicates for each test compound. Culture treatments always included a negative
control in the form of vehicle control (0.1% DMSO in L-15 medium). Due to evaporation
issues, some wells were removed from the analysis. Where possible, data was presented
as pmol/min/mg protein to allow comparison with other models.
5.1.7.2 7-Ethoxycoumarin O-Deethylation
As outlined in Chapter 2, the ECOD assay was carried out as per Section 2.4.4 following
the methodology of Uchea (2013) and Christen et al. (2009). The cells were incubated
in L-15 medium containing the pharmaceutical rifampicin, a known CYP3a inducer in
the intestine (Monshouwer et al., 1998; Schulz et al., 1995) with little activity in the
liver (Smith and Wilson, 2010), or the solvent control (0.1% DMSO in unconditioned
L-15 medium) respectively. In order to asses whether this intestinal model can be ap-
plied to assess CYP3A metabolism under pharmaceutical exposure, two compounds
were chosen, that of the antiepileptic drug carbamazepine (C4024 Sigma ; CAS:298-46-
4) and the adrenergic β blocker propranolol hydrochloride (99% pure, CAS 318-98-9
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; AstraZeneca). Carbamazepine was chosen due to its known uptake via aquatic ex-
posure in other model systems (Brandão et al., 2013; Lahti et al., 2011; Netherton,
2011), while proporanolol was ran as a control due to its known activity in both the
gill (Stott et al., 2015) and liver (Baron et al., 2012) of rainbow trout and suggested
uptake in the intestine of other animal models (Masaki et al., 2006; Okabe et al., 2004;
Yoshigae et al., 1998). The cells were incubated for an additional 24 h, and the CYP3A
assay performed as above where the medium is exchanged for unconditioned medium
containing 50 µM 7-EC and incubated for an additional 5 h (as determined from pre-
liminary data). To control for unequal numbers of cells per well, cells were treated with
trypsin, incubated in lysis buffer and protein content quantified using the Micro BCA
bit (ThermoFisher).
5.1.8 Statistical Analyses
Due to the cellular extraction process, each seeded culture well/flask contains a non-
homogeneous cell population, making them unique in terms of conventional methods
for statistical analysis of cell culture experiments. To this effect, n numbers, for the
purpose of primary cultures, equates to one well of a culture plate (e.g. one well of
a 96 well plate), rather then the average of all replicates as conventionally used in
cell culture experiments. Statistics were carried out using RStudio (RStudio, 2015),
with dose response curves and ED50 (i.e. dose at which 50% of the maximal effect is
obtained) carried out using the "DRC" package (Ritz and Streibig, 2005). Significance
for all tests were set at p < 0.05, with highly significant relationships reported as p
< 0.001 where identified. Data was tested for normality by initially inspecting the
normality of residuals (for regression models) and then using the Kolmogorov-Smirnov
and/or Levene’s test to choose the appropriate test. Data was analysed using either an
ANOVA with Tukey’s post hoc or non-parametric Kruskal Wallis with multiple pairwise
comparison (two-tailed) using the "pgirmess" package.
5.2 Results
5.2.1 Microscopic characterisation of isolated epithelial
cells
Based on the literature (Fard et al., 2007) in addition to prior optimisation of cellu-
lar extraction discussed in appendix under the title "Primary culture optimisation", it
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is unsurprising that each region of the intestine has separate/slightly modified culture
requirements necessary for attachment and growth. A summary of experimental data
(derived from optimisation studies) is outlined in Table 5.1 and reiterates this trend.
Implied from the culmination of all optimisation experiments is the inherent sensitiv-
ity of the cells to slight perturbations which have culminated in difficulty in culturing
this organ previously. Indeed, as will be examined below in detail per region, this also
extends to variations in successful extraction and attachment of the cells dependent
on length/size of the fish. Outlined in Figure 8.4 and Figure 5.2 are standardised dis-
section methodologies employed as the primary steps in successful cellular extraction,
irrespective of size. These were followed carefully to ensure thorough penetration of
the enzymatic digestion solution to underlying tissue layers. An example in correct
dissecting procedure is demonstrated in the pyloric region of the intestine during pre-
liminary experimental procedures (Figure 5.3). Procedural modifications, should they
be required are outlined in detail in appropriate sections.
Prior to collection of fish, all reagents were prepared as above (Section 5.1.2). Basic
extraction of all intestinal segments begins with the euthanizing of fish via a cephalic
blow before destruction of the brain. In order to reduce tissue degradation through
prolonged dissecting of intestinal regions, 2 fish per experiment was identified as optimal
number, with thorough cleaning and dissecting of each intestine taking ∼ 13-20 min (size
dependent).
Table 5.1. Methods which were explored for isolating rainbow trout intestinal enterocytes for
culture under in vitro conditions. More details of experimental isolation procedures can be found
in the Appendix (Primary culture optimisation).
Enzyme Incubation (min) Concentration (%) Viability (%) Results
Collagenase 20-80 0.1-0.3 92-95 attachment & variable results
Collagenase/dispase 30-60 0.1-0.3 92-95 growth
Trypsin/Versene 5-30 0.1-0.5 90-95 attachment & variable results
Trypsin/EDTA 5-20 0.1-0.5 85-92 variable results
Trypsin/DPBS or HBSS 5-20 0.1-0.5 77-95 variable results
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Figure 5.3. Poor dissection practice whereby tissue is not properly prepared results in minimal
enzymatic digestion of epithelial cells due to poor penetration of the outer connective tissue
layers as demonstrated in the pyloric caeca. The pyloric tissue (whole caeca) was incubated
for over 2 h at 37 ◦C without prior dissection. Following enterocyte isolation, the cell pellet
obtained was minimal. Upon examination of tissue collected during isolation procedure, the
reason was obvious with a clear lack of penetration of enzyme through the epithelial wall of the
tissue. Scale bar = 100 µm.
As previously discussed, numerous modifications to the original protocol were inves-
tigated to increase cellular attachment efficacy from each region of the intestine (see
Table 5.1 for full list). Following extensive experimentation, the methods to produce
consistent extraction and attachment of epithelial cells from the intestine of rainbow
trout were determined to be fish size dependent. Therefore, the final methodologies
which give the most consistent cellular attachment and growth are outlined below based
on length categorisation and subdivision of intestinal region. The metabolic profile and
physiological characterisation of the primary cultures in later sections is based on results
from these methodologies alone.
5.2.2 Culture conditions of the pyloric caeca
5.2.2.1 Smaller fish (<25cm/150g)
All tissue was kept on ice during culture method unless otherwise started. Following
dissection of pyloric caeca (5-15 dependent on size) and pyloric, tissue was washed
5-10 times in wash solution containing 1 mM DTT and EDTA with 2 % antibiotics
made in HBSS containing calcium and magnesium until solution runs clear. Thereafter,
supernatant was decanted and replaced with preheated (37 ◦C) 0.1 % collagenase and
dispase with 1% FBS and incubated at 37 ◦C for 30 min, followed by 20 min at RT
shaking at 50 rpm. Activity is stopped with the addition of growth medium to tube
and tissue triturated using a wide bore sterological pipette (25 mL) before decanting
through a 100 µm cell strainer. This step is repeated 2-3 dependent on visual inspection
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of solution cloudiness and finally a cell pellet is obtained using centrifugation (1000
rpm/20 g × 8 min @ 15 ◦C; Eppendorf Centrifuge 5810R). The pellet is washed thrice
with DPBS containing 1 mM DTT and resuspended in growth medium containing MEM
with 10% FBS, 1% NEAA, 2 mM L-glutamine, 1% penicillin/streptomyocin and 1%
fungizone. This method consistently achieves a cell viability of between 90-95%.
As demonstrated in Figure 5.4a, this method results in epithelial/enterocyte detachment
only and does not damage the underlying support structure or muscularis layer, which
results in a predominantly display of epithelial cells on monolayer culture (Figure 5.4b).
Cells come of in sheets/clumps and so it is vital that thorough trituration occurs.
5.2.2.2 Larger fish (>25cm/150g))
The methodology outlined for smaller fish does not work as efficiently with larger fish
and small modifications to the method must be undertaken. Following mucolytic wash
of tissue segments, the sample is incubated with preheated (37 ◦C) 0.1 % collagenase
and dispase containing at a ratio of 1 mL per 200 mg for the caeca and 1 mL to 300 mg
for the pyloric at room temperature for 35-40 min statistically or at 50 rpm on a shaking
platform. As before, enzymatic activity is stopped with addition of growth medium,
and tissue triturated using a wide bore 50 mL sterological pipette (10-20 times, visually
determined) before collecting cell suspension over a cell strainer (100 µm). This process
is repeated twice more using decreasing grades of bore width and gently mixing. A cell
pellet is obtained via centrifugation (1000 rpm × 8 min @ 4 ◦C) followed by decanting of
old wash solution and incubation with trypsin/versene (0.05 %) containing DNase (0.1
mg/1 mL or 100 µg) made in HBSS containing magnesium and calcium for 7-10 min.
Thereafter, the cell pellet is resuspended with a 10 mL sterological pipette and washed
thrice more with growth medium (800 rpm or 20 g at 14 ◦C for 4 min). Following last
wash, cells are resuspended in the preferential growth medium of MEM (31095-029; Life
Technologies) containing 1% NEAA, 10% FBS, 2 mM L-glutamine, HEPES (10 mM),
1 mM sodium pyruvate and 1% antibiotics, and seeded as necessary. As demonstrated
in Figure 5.4c, this method results in epithelial/enterocyte detachment only and does
not damage the underlying support structure or muscularis layer, which results in a
predominantly display of epithelial cells on monolayer culture (Figure 5.4d).
Although this is the preferable method based on its comparability to the younger fish
method, the pyloric can also be successfully cultured using 0.1 % trypsin/versene in
similar ratios as described for collagenase digestion with shorter incubation time required
(5 min at RT), although given the batch variability in trypsin results are more variable.
In either instance, the method results in cellular viability as assessed by trypan blue
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dye exclusion of 95-97%. The addition of various growth factors cited in the literature
for improving efficacy of intestinal primary culture do not have any impact on this
methodology and in some instances (such as epidermal growth factor or EGF, insulin or
transferrin) their addition yielded in reduced attachment and growth. Finally, despite
various basement membrane coatings being investigated (10 µg fibronectin or 0.1-1
% collagen), none resulted in a marked increase in attachment or growth of primary
cultured pyloric cells.
(a) Collagenase & Dispase (b) Monolayer formation (<25cm)
(c) Collagenase & Dispase (d) Monolayer formation (>25cm)
Figure 5.4. Morphological and histological characterisation of primary culture of the pyloric
region in two size categories. Histology sections have a scale bar equivalent to 200 µm and in
monolayer the scale is equal 100 µm.
5.2.3 Culture conditions of the anterior intestine
5.2.3.1 Smaller fish (<25cm/150g)
Following dissection and collection of anterior region of the intestine, the gut was dis-
sected longitudinally into 3 strips and then chopped into 0.5-1 cm2 sized cubes into a
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50 mL collection tube. Tissue segments were washed first in DPBS/HBSS and then
incubated with wash solution containing 2% antibiotics, DTT and EDTA as per Sali-
nas et al. (2007)(pH = 7.4 with NaOH) twice for 1-2 min each before rinsing again in
HBSS or DPBS solution containing no calcium or magnesium until solution runs clear.
Thereafter, the wash solution is decanted and 0.05% trypsin made in DPBS is added
to the tissue segments and incubated statically on ice for 15 min. After incubation, old
trypsin is decanted and new trypsin (0.125 %) brought to room temperature containing
versene, DNase (1 mg/10 mL) and DTT (1 mM) is added and tissue incubated stat-
ically for 18 min. After incubation, growth medium consisting of L-15, 10 % FBS, 2
mM L-glutamine, 1 % penicillin/streptomyocin, 1 % gentimicin and 1 % fungizone was
added and the tissue triturated (50 mL sterological pipette) and decanted through a
100 µm cell strainer. This was repeated twice with a 25 mL sterological pipette used
and triurated five times. Cells were pelleted gently using centrifugal force initially, with
cleaning of pellets taking place thrice via centrifugation (800 rpm/20 g × 4 min at 14
◦C). Finally, cells were re-suspended in 10 mL of medium and plated into culture plates.
This method results in consistent cell viability of between 94-96 % with attachment vis-
ible on plates within 24 h. Minimal improvements in the efficacy of this method were
visible with the addition of an underlying basement matrix in the form of fibronectin (10
µg in DPBS) (Figure 5.5b when compared to no coating (Figure 5.5a) with a decrease
in attachment seen with collagen coating. However, investigations into modification or
changes to the underlying growth medium (i.e. DMEM, Ham’s F-12, MEM or combi-
nations of these) resulted in diminished if absent attachment and growth. Furthermore,
the addition of growth factors such as EGF, glucose, insulin or transferrin did not yield
any improvement on the outlined culture method.
5.2.3.2 Larger fish (>25cm/150g))
Following a similar process outlined above, small modifications were made to the en-
zymatic digestion step and thereafter in fish above 25 cm. Briefly, tissue sections were
re-suspended in 0.1% collagenase and dispase which had been preheated to 37 ◦C and
incubated for 25-30 min statically. The supernatant was decanted and replaced with
0.05% trypsin diluted in versene with DNase (1 mg/10 mL) and incubated at room
temperature for 10 min. Using a wide bore sterological tip (25 mL), tissue is triturated
slowly and medium added to inactivate trypsin before being decanted through a 40 µm
cell strainer. This step is repeated 2-3 times dependent on supernatant opaqueness. Fi-
nally, cells are pelleted via centrifugation (1000 rpm × 4 min at 14 ◦C) and then washed
twice with DPBS spiked with 1 mM DTT and 1 % antibiotics to minimise cell clump-
ing. Finally, cells are re-suspended in growth medium containing L-15, 10% FBS, 1 mM
110
5. Ex vivo intestinal model
sodium pyruvate, 2 mM L-glutamine, 1% penicilinnin/streptomyocin, 1% gentimicin
and 1% fungizone. Half medium changes occurred after 48 h, with full medium changes
occurring every 3 days thereafter. The addition of growth factors did not make any dif-
ference to attachment and growth of primary cells as previously observed with smaller
fish. However, unlike the smaller fish, attachment efficiency and growth is greatly im-
proved with the presence of underlying basement matrix in the form of fibronectin (10
µg). This method results in a cell viability range of 90-95%. However, while this method
is similar to the methodology outlined for culturing of the mid intestine of larger fish
(Section 5.2.4), the resulting yield and attachment is minimal when compared to other
regions.
(a) Tissue culture plate (b) Basement membrane coating
(c) Trypsin digestion (<25cm)
Figure 5.5. Following isolation of cells from the anterior tissue using a combination of pre-
incubation with trypsin (15 min at 4 ◦C) and then incubation with trypsin at RT, cells were
seeded onto uncoated (a) and basement membrane coated in the form of 10 µg/mL Fibronectin
(33010-018 ; Invitrogen) tissue culture treated plates (b). Successful attachment is visible within
hours, with epithelial islands forming after 48 h irrespective of culture plate treatment. Epithelial
island formation is not unexpected given the clear removal of only enterocytes and epithelial
cells via histological sectioning of anterior tissue post enzymatic digestion (c).
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5.2.4 Culture conditions of the mid intestine
5.2.4.1 Smaller fish (<25cm/150g)
Briefly, following dissection and washing of segments, the mid region of the intestine was
incubated with 0.1% collagenase and dispase which had been preheated to 37 ◦C and
incubated for 25-30 min statically. Thereafter, supernatant was decanted and replaced
with 0.05% trypsin diluted in versene (from 0.25%) with DNase (5 mg/10 mL) and
incubated at room temperature for 10 min. Using a wide bore sterological tip (25 mL),
tissue is triturated slowly (×30) and full medium added to inactivate trypsin before
being decanted through a 40 µm cell strainer. This step is repeated 2-3 times dependent
on supernatant opaqueness. Finally, cells are pelleted via centrifugation (1000 rpm × 8
min at 15 ◦C) and then washed twice with DPBS spiked with 1 mM DTT to minimise
cell clumping and gain optimal cell pellet. Finally, cells are re-suspended in growth
medium containing L-15, 10% FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, 1 %
penicilinnin/streptomyocin, 1% gentimicin and 1% fungizone. Half medium changes
occured after 48 h, with full medium exchanges occurring every three days thereafter.
Cellular attachment is visible within hours of extraction, and form distinct epithelial
islands within 48-72 h. Confluency occurs within 7-9 days of extraction. As with
previous sections, the addition of growth factors does not show any beneficial effect
with coating of basement matrix showing no difference in attachment efficiency and
growth.
5.2.4.2 Larger fish (>25cm/150g))
Following initial dissection and washes with mucolytic agent, the tissue is placed in 10
mL 0.1% collagenase/dispase with 5 mL 0.05% trypsin and the tissue incubated for 10
min at RT. Tissue segments were shook at 800 rpm for 30 s prior to the addition of
minimal growth medium to tissue and gentle trituration (20-30 times) with a wide bore
sterological pipette (50 mL) before decanting through a cell strainer (100 µm). Due to
significant cell clumping, the first cell pellet is incubated with DNase for 3 min prior
to the second wash step. The wash step is repeated twice more (or as required) before
cell pellet collection via centrifugation (5 mins ×1000 rpm @ 14 ◦C), and seeding as
required. Minimal growth medium consists of L-15 with 10% FBS, 1 mM sodium pyru-
vate, 4 mM L-glutamine (total) and 1 % antibiotics in combination with 1% fungizone.
This method results in consistently large cell pellets with a viability between 90-96%.
However these pellets prove difficult to disassociate into single cells although this does
not appear to affect its attachment efficiency. As demonstrated in Figure 5.6a, this
methodology removes only the surface epithelial cells while minimising fibroblast con-
112
5. Ex vivo intestinal model
tamination, preferentially allowing the proliferation of only epithelial cells in monolayer
culture (Figure 5.6b).
(a) Trypsin digestion (b) Monolayer growth (>25cm)
Figure 5.6. Morphological and histological characterisation of primary culture of the mid region
of the rainbow trout intestine in the large size category. Scale bars were as follows: (a) 100 µm
and (b) 200 µm.
5.2.5 Culture conditions of the posterior intestine
5.2.5.1 Smaller fish (<24cm/150g)
Following dissection of tissue and pre-wash in mucolytic agent, tissue was incubated
in 0.1% trypsin/EDTA (made in DPBS) on ice for 25 min. Following incubation,
trypsin/EDTA is decanted and replaced with 0.05% trysin/versene supplemented with
5 mg/50 mL DNase for 15 min at room temperature. Tryspin is inactivated by the
addition of growth medium and triturated starting with a wide bore sterological pipette
(25 mL) and decanted through a 100 µm cell strainer. This step is repeated 2-3 times
dependent on solution cloudiness using decreasing sterological pipette bore size with
every repeat. Finally, a cell pellet is obtained via centrifugation (1000 rpm × 4 min
at 14 ◦C), with two subsequent wash steps occurring with DPBS or medium (800 rpm
× 3 min at 21 ◦C). The cell pellet is re-suspended in growth medium containing L-15
medium, 10% FBS, 1% pen/strep and 1% fungizone. Cell viability using this method
is always above 95%. Modification of FBS concentrations (2.5-30%) shows variable re-
sults, with increased concentrations showing no discernible difference to the final utilised
concentration. However, reduction of FBS to below 5% resulted in a clear slowing of
growth but not attachment of the primary cells.
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5.2.5.2 Larger fish (>20cm/150g))
In larger fish, the use of similar protocol to the smaller fish (using pre-incubation with
trypsin/EDTA) resulted in significant damage to the cells in addition to reduced cell
viability. Therefore, modifications to the original protocol were required. Following
initial dissection and wash steps, tissue was incubated with 0.1% collagenase/dispase
which had been preheated to 37 ◦C for 20 min at room temperature with shaking
occurring at 600 rpm for the last five min. Following this, tissue was allowed to settle and
waste collagenase removed. Tissue was subsequently incubated in 0.05% trypsin made
in versene and shook for at 200 rpm for 3 min before triturating using serial decreasing
widths of sterological pipettes with growth medium and collection of suspension through
100 µm cell strainer. Cells were pelleted initially at 1000 rpm (× 8 min at 4 ◦C), with
reduced speeds (800 rpm at 21 ◦C) utilised thereafter for the two wash steps (DPBS).
Growth medium differs slightly from younger fish with the addition of 1 mM sodium
pyruvate to the solution and a reduction in FBS concentration to 10%. This method
results in visible attachment within 2-4 h of plating with epithelial island formation
occurring 48-72 h. Using this method, cell viability is consistently above 92%.
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(a) Trypsin/EDTA (b) Monolayer formation (<25cm)
(c) Collagenase and typsin/EDTA (d) Monolayer formation (>25cm)
Figure 5.7. Morphological and histological characterisation of primary culture of the posterior
region in two size categories. In the smaller fish defined as less then 25 cm, histological analysis of
tissue post extraction demonstrates a clear selective removal of enterocytes with preincubation in
trypsin/EDTA and enzymatic digestion with trypsin (a). The appropriateness of this method is
clearly demonstrated by the growth of individual cells and epithelial island formation (indicated
by yellow arrows) which are visible 48 h after primary extraction (b). In larger fish, the gentler
digestion process incorporating pre-incubation with 0.1% collagenase with post incubation using
trypsin/EDTA results in a less efficient removal of enterocytes (b). However, epithelial growth
is still observed although over a longer period (d). Scale bar = 100 µm (b), but other wise is
equivalent to 200 µm.
5.2.6 Morphological differences between regions
Preliminary investigations first addressed whether there was morphological differences
between regions in terms of preliminary tissue weight, cell number and cell viability, and
whether the size of the fish played a significant role in potential downstream applications.
As clearly demonstrated in Figure 5.8, significant differences exist between regions in
terms of both intestinal weight and final cell number, with the pyloric region always
significantly different from other regions (n = 22 fish, F = 127.379, p < 0.001). However,
surprisingly, while size does not have a significant impact on intestinal weight (F =
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0.337, p = 0.563), the reverse is true for final cell number standardised to original
tissue weight (p < 0.001), as can be seen in Figure 5.8b. In addition, cell number
is also significantly impacted by size of fish as would be expected (F = 5.557, p <
0.05). This trend is further replicated when cellular removal efficiency is addressed,
with the posterior demonstrated the highest removal efficiency at 74%, and the pyloric
demonstrating a removal efficiency of 42%. Removal efficiency was as follows: posterior
(74%) > mid (66 %) > anterior (50%) > pyloric (42%)). This trend may be due to
similar volume containers being used during the primary extraction process, which due
to its larger volume prevents the efficient penetration of digestion solution into pyloric
tissue. Cell viability was not significantly affected by either intestinal region nor length
of fish.
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Figure 5.8. Morphological characterisation of tissue prior to culture in terms of differences in
regional weight and cellular output. Significance is set at p< 0.001 for Regional differences (a)
and p < 0.05 for cellular differences (b). Size differences are colour coded, with salmon always
representing <25 cm and light gray representing >25 cm.
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5.2.7 Physiological Characterisation
5.2.7.1 Transepithelial resistance (TEER)
Transepithelial electrical resistance (TEER) was measured 7 days after primary cell
extraction on individual cultures from each intestinal region. Results indicate a com-
parable resistance among primary in vitro regions with a non-significant trend towards
lower resistance in the higher size category and no significant difference observed be-
tween regions (n = 6, p > 0.05)(Figure 5.9a), nor the control cell line grown concurrently
(RTgutGC). As with morphological characterisation, the effect of size on the formation
of elevated resistance as a surrogate for tight junction formation was also investigated.
As clearly demonstrated in Figure 5.9b, average resistance among regions (p = 0.53)
and between size categories (p = 0.175) is not significantly different.
Resistance measured over 40 days, demonstrated highest observed resistance on day
21 (66.63 ± 6.96 Ω cm2), with a notable decrease thereafter. However no significant
difference was observed between individual resistance over time (n = 3, p > 0.05).
In order to ascertain the comparability of the culture model to the established intestinal
cell line (RTgutGC) discussed in chapter 4 in respect of ability to withstand apical
saline exposure, pyloric cells were seeded on to Transwell inserts, allowed to attach for
48 h, with resistance measured for 7 days thereafter. While significant differences were
identified over time (n = 3, p <0.05), the addition of saline to the apical compartment
did not significantly differ from controls with L-15 growth medium only in the apical
compartment (n = 3, p = 0.38).
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(a) Primary TEER per intestinal culture region
(b) Primary intestinal TEER with cell line control
Figure 5.9. Investigations into differences in TEER between intestinal regions and size cat-
egorises revealed no significant differences between these factors (a). Primary cultures were
subsequently compared to TEER results of the RTgutGC cell line (CTRL) cultured over a 7
day period (b). Again, no significant differences were found between the established cell line
(RTgutGC) or intestinal region. Significance was set at p < 0.05.
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5.2.7.2 Morphological characterisation via TEM
Before morphological characterisation of cellular components comparable between the
in vivo and in vitro intestinal models, staining of cells grown on Transwell inserts for 9
days were carried out to ensure attachment and growth prior to downstream imaging.
As demonstrated in Figure 5.11a for pyloric extracted cells (although this is true for all
regions), crystal violet staining of cells grown on Transwell inserts results in prominent
staining with clearly visible monolayer formation which allowed for the prioritisation of
samples for later SEM and TEM imaging.
Within the intracellular compartment of each region of primary cells grown on Transwell
inserts, there was a clear exhibition of mitochondria, lysosomes, endoplasmic reticulum,
rough endoplasmic reticulum and large nucleui, as would be expected from these regions
of the intestine in vivo (Figure 5.10). However, although these essential cellular compo-
nents are clearly demonstrated in the in vitro model, micro villi projections are minimal
or absent (Figure 5.11). Endocytic pits which are commonly observed in other intestinal
models (e.g. Caco-2) are visible in all in vitro intestinal models, but demonstrably more
prevalent in the pyloric model.
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Figure 5.10. Transmission electron microscopy (TEM) micrograph of all regions of the rainbow
trout (Oncorhynchus mykiss) exposed to DPBS during wash step of extraction process. Normal
enterocytes are visible. L Lumen, MV microvilli, G goblet cells, V vacoules, JC junctional
complexes. Scale bar: 5 µm for pyloric, 10 µm in anterior and posterior and 20 µm for mid
intestine.
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Figure 5.11. Using the pyloric as an example, morphology of epithelial cells grown on Transwell
inserts were stained by crystal violet and image recorded at 10 X objective lens using a phase
contrast microscope (a). Cross sections of all intestinal regions obtained from large fish (>25
cm) which had been grown on Transwell inserts (9 days) were obtained and imaged with filter
and apical region clearly defined.
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5.2.7.3 Periodic Acid & Schiff’s stain
Histochemical analysis of primary cells grown in vitro from each region of the intestine
revealed that cells showed variable positive staining for neutral mucosubstances by PAS
in both young fish of less then 25 cm as demonstrated in Figure 5.12, with anterior
and mid demonstrating the weakest staining, and the posterior exhibiting significantly
stronger staining intensity. In contrast to the older fish sampled (> 25 cm), the pyloric
and mid region exhibits strong staining for neutral mucosubstances with the anterior and
posterior demonstrating markedly weaker staining (Figure 5.13. As a contrast, goblet
cells were numerous and stained intensely positive with Alcian blue and combined alcian
blue-PAS in the pyloric of younger fish only (Figure 5.12), although some weak staining
was observed in the anterior and mid of older fish (Figure 5.13).
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(a) Pyloric (b) Anterior
(c) Mid (d) Posterior
Figure 5.12. Staining of mucosubstances in primary extracted gastrointestinal cells from young
fish (<25 cm) grown in vitro for 9 days from the pyloric (a), anterior (b), mid (c) and posterior (d)
region of the intestine. Note the prominent dual staining of acidic and neutral mucosubstances
in the pyloric (a), with the anterior and mid staining weakly for neutral mucosubstances in
direct contrast to the posterior(d) as would be expected for these regions. Scale bar = 20 µm.
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(a) Pyloric (b) Anterior
(c) Mid (d) Posterior
Figure 5.13. Staining of mucosubstances in primary extracted gastrointestinal cells from older
fish (> 25 cm) grown in vitro for 9 days from the pyloric (a), anterior (b), mid (c) and posterior
(d) intestine. Note the absence of acidic mucosubstances in the pyloric when compared to
smaller fish , with an increase in staining of neutral mucosubstances in the anterior and mid
and a contrasting weakening in the staining intensity for the posterior (Figure 5.12). Scale bar
= 100 µm.
5.2.7.4 Immunohistochemical Staining
Single enterocytes/epithelial cells were chemically fixed using 4% formol saline post iso-
lation of cells from tissue (approximately 2 h post tissue collection). F-actin plaques
stained positively in single cells derived from all four regions of the intestine (Fig-
ure 5.14). The strength of the staining on the membrane surface at the earliest time
point post isolation may reflect the strength of F-actin in cell to cell connections in the
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intestine, while also indicating the minimal effect of enzymatic digestion has on F-actin
protein expression.
An crucial component of the paracellular barrier function is the presence of tight junc-
tions, but little is known about their distribution in the intestine of fish. Before im-
munohistochemical characterising of junctional proteins expressed in the primary cul-
tures of rainbow trout intestine, we first examined the expression and distribution of
well-characterised tight junction proteins, ZO-1 and E-cadherin in intestinal tissue sam-
pled from the pyloric, anterior, mid and posterior intestine as previously defined by
Fard et al. (2007). Tissue sections from all regions were examined to identify whether
comparable expression of these proteins was region specific or intestinal tissue specific.
Distribution patters and co-localisation of ZO-1 and E-cadherin appear to be tissue spe-
cific with no observable difference in expression intensity between regions of the rainbow
trout intestine. Interestingly, expression of Zonula occludens protein ZO-1 in in vitro
tissue sections demonstrated an expression pattern reciprocal to in vivo tissue sections,
with an example of this using the pyloric intestine presented in Figure 5.14b and 5.14c.
ZO-1 was not just localised to the periphery of the intestinal cells in any intestinal
region, nor in primary grown cells. In all intestinal regions sampled, the in vivo and
in vitro models stain positively for E-cadherin confirming the epithelial nature of these
cells in both models.
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(a) F-actin
(b) ZO-1 & E-cadherin in vivo (c) ZO-1 & E-cadherinIn vitro
Figure 5.14. Immunohistochemical staining of pyloric caeca for f-actin plagues on cells freshly
isolated from intestinal tissue. Pyloric tissue collected during primary dissection revealed posi-
tive staining for ZO-1 (red) and E-cadherin (green) and contrasted with nuclear staining with
dapi (blue). However, a clear expression pattern was not observed (b). Cells isolated from the
pyloric region of the intestine after 9 days cultured in vitro revealed similar expression patterns
(c) as noted in vivo (b). Scale bar= 20 µm
5.2.8 Biochemical Characterisation
5.2.8.1 Ethoxyresorufin-O-Deethylase
A quantile-quantile or QQ probability plot was used to examine the distribution of
EROD activity between each region of the intestine under all examined conditions, and
indicated a heavy tailed distribution necessitating the use of a ranked ANOVA model,
using fish size and concentration as ranking components. A time-dependent increase in
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fluorescence, corresponding to the detection of resorufin production (via standard curve)
was observed for each intestinal region that was exposed to the substrate ethoxyresorufin
in the EROD assay. After 48 h exposure, β-NF demonstrated no significant differences
between vehicle control (0.1% DMSO) and the lowest concentration of 0.36 µM (n = 34
per region, p = 0.95) (Table 5.2). Although no significant difference was found between
concentrations of β-NF, significant difference was observed between the two size classes
(< 25 cm and > 25 cm) as demonstrated in Figure 5.15a using the pyloric region of the
intestine. In addition, while no significant differences were observed between regions
(p=0.21) and size (p = 0.11), significant interactions were found between these two
components (p < 0.01).
The co-exposure of α-NF with β-NF demonstrated significant inhibition at 0.36 µM
(p<0.05), with significance also extending to differences in EROD response over the
two size categories (p < 0.05). An example of this can be seen in Figure 5.15b for
the pyloric region of the intestine. Due to limited EROD induction with βNF, B[a]P
(0.2 µM) was investigated as an alternative positive control. As previously observed
with the RTgutGC intestinal cell line (see Chapter 3, B[a]P would appear to be a more
appropriate inducer of CYP1A activity in the rainbow trout intestine when compared to
the conventional β-NF inducer (Figure 5.15c). Under comparable exposure conditions
(48 h exposure), concentration, tissue and size were found to be significant factors in
determination of EROD activity (n = 18-25, p < 0.001), with significant interactions
identified between concentration, intestinal region, and size (p < 0.001), and together
(p < 0.05). Tukey’s post hoc identified significant differences between vehicle control
and 0.2 µM BaP, but no significant inhibition of EROD activity using 100 µM α-NF
(p = 0.76). Under this exposure scenario, significant differences were observed between
the mid and posterior region alone (p < 0.01) at 0.2 µM BaP only. Minimal induction
of CYP1A in intestinal cultures was observed as demonstrated in Table 5.2.
Finally, EROD activity was also tested for induction under pharmaceutical treatment
with carbamazepine (0, 1, 10 and 100 µg/L) among the different regions of the intestine.
As predicted, there were significant differences (p < 0.01 ) in EROD activity between dif-
ferent regions of the intestine with Tukey’s post hoc test indicating that this was driven
by differences between the anterior region and the distal intestine (mid and posterior
region). However, there was no significant differences between exposure concentrations
(p = 0.26) (Figure 5.15d). In addition, EROD activity was significantly impacted by
the interaction between intestinal region, concentration and size of fish.
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Figure 5.15. EROD activity in enterocytes cultured from the pyloric region of rainbow
trout intestine. Note the differences in response between the conventional EROD inducer α-
naphthoflavone (α-NF) (a) and inhibition of activity through co-exposure with β-naphthoflavone
(β-NF) (b). Examples of EROD activity in the pyloric region of the intestine following exposure
to the control inducers of β-NF and B[a]P (c) and carbamazepine (d).
Table 5.2. Data was expressed as fmol/min/mg protein ± standard error after 10 min incubation
with substrate, with n = 8 and 18 for each region of the intestine for small and large fish
respectively.
0.1% DMSO β-NF (0.36 µM) B[a]P (0.2 µM)
Intestinal Regions <25 cm >25 cm <25 cm >25 cm <25 cm >25 cm
Pyloric 23.03 ± 9.1 22.25±7.08 14.21±5.29 8.07 ±1.12 6.11±1.83 5.36±1.71
Anterior 21.87±10.43 13.14 ±3.32 26.75±13.45 20.81 ±5.27 6.59±1.62 21.42±5.84
Mid 16.15±9.58 20.40 ± 4.02 15.31 ±9.10 13.06 ±4.38 6.02±2.30 22.73±3.50
Posterior 18.04±8.48 14.04 ± 5.62 36.69±16.52 5.62 ± 1.64 7.62 ±1.42 4.01±1.32
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5.2.8.2 7-Ethoxycoumarin O-Deethylation
Preliminary investigation of metabolism of 7-ethoxycoumarin to 7-hydroxycoumarin
(ECOD assay) in each region of the intestine demonstrated a time and dose dependent
increase in the production of 7-hydroxycoumarin/fluoresence, with highest fluorescence
recorded 5 h incubation with a 50 µM concentration. All experiments using pharmaceu-
ticals hence forth used this incubation time and substrate concentration. ECOD activity
was first investigated for differences in fold change due to typical representation in the
literature. Fold change relative to control is presented in Table 5.3, with data presented
as the mean per region and size, with the larger size category always demonstrating half
of the induction recorded for the younger size category. Due to non normality even af-
ter transformation, ECOD data was analysed using the non-parametric Kruskal-Wallis
test. Significant differences in baseline induction of ECOD activity were found between
size categories with n = 8 and 18 respectively for each size category (Kruskal Wallis
χ2= 43.74, p<0.001) (Figure 5.16).
Table 5.3. Levels of ECOD activity in each region of the intestine presented as fold change at 5
h incubation relative to control samples at 0 h (based on quantification of 7-hydroxycoumarin
(7-HC) in each individual well).
Intestine region <25 cm >25 cm
Pyloric 2.04 1.19
Anterior 1.81 0.88
Mid 1.99 0.69
Posterior 1.97 0.82
130
5. Ex vivo intestinal model
0
20
0
40
0
60
0
80
0
10
00
12
00
Intestinal Region
Size
<25cm >25cm
Pyloric Anterior Mid Posterior
***
*** *** ***
Figure 5.16. Average production of 7-hydroxycoumarin (7-HC) production per intestinal region
expressed as pmol /mg protein relative to control with no substrate after 5 h incubation. In
terms of samples, n = 8 biological replicates for small fish due to sampling issues (<25 cm) and
n = 20 for larger fish (>25 cm). Significant differences were observed between size categories
(p<0.001), with no regional differences observed (p=0.308). Significance level were denoted as
follows: *** = <0.001, ** = <0.01 and * = <0.05.
In order to assess whether CYP3A metabolism occurred in the model, primary ente-
rocytes grown as monolayers were exposed to BNF (50 µM) and B[a]P (0.2 µM) with
respect to animal size, compound concentration and intestinal region. In both exposure
scenarios (BNF and B[a]P, significant effects were found for size (χ2=81.063 , p<0.001;
χ2=67.04 , p<0.001), concentration between vehicle and inducer (χ2=4.46 , p<0.05;
χ2=17.43 , p<0.001) and intestinal region (χ2=11.074 , p<0.05; χ2=10.712 , p<0.05)
respectively (Figure 5.17). Significant differences in intestinal regions were driven by
differences in the response between the pyloric and mid intestinal region in both size
categories and exposure scenarios. However, no significant difference was found between
the two control inducers of BNF and BaP.
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Figure 5.17. Induction of ECOD activity in two size categories of rainbow trout enterocyte
cultures (monolayer) following treatment with 50 µM BNF (a and b) or 0.2 µM BaP (c and
d). Significant differences were found in both BNF and BaP between the two size categories of
small (< 25 cm) (a and c) and large (> 25 cm) (b and d). Data represents the average of eight
experiments for each intestinal region. Significance level was denoted as follows: *** = <0.001,
** = <0.01 and * = <0.05.
After 24 h exposure to rifampicin (0 - 1000 µM), carbamazepine (0 - 1000 µg/L) or
propranolol (0 - 1000 µg/L), followed by incubation with substrate, all exposures re-
sulted in significant effects (p < 0.001) of size and intestinal region on ECOD activity.
However, there was no significant difference in response to concentrations at either size
category. A significant effect of intestinal region in final ECOD activity was revealed
(χ2 = 22.29 , p < 0.001) with the response of the pyloric significant different from
anterior and mid, but not posterior in enterocytes isolated from small fish of less then
132
5. Ex vivo intestinal model
25 cm (Figure 5.18a). However, enterocytes isolated from larger fish revealed that the
response of the posterior isolated enteroycytes was significant (p < 0.05) different from
the other intestinal regions (Figure 5.18b). In addition, size of fish that enterocytes
were isolated from played a significant role in the ECOD activity expressed following
rifampicin exposure.
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Figure 5.18. Induction of ECOD activity in two size categories of rainbow trout enterocyte cul-
tures (monolayer) following treatment with rifampicin. Significance was set at p < 0.05, with pos-
terior showing significant difference in activity to all other intestinal regions in younger/smaller
fish (< 25 cm). This trend was not repeated in older/larger fish (> 25 cm) which demonstrated
significant difference between cells cultured from the pyloric caeca and all other intestinal re-
gions. Data is representative of 8 individual wells per exposure/concentration per intestinal
region from 4 experiments.
In contrast, while carbamazepine also recorded a significant effect of intestinal region on
ECOD activity (χ2=9.08 , p <0.001), this related to differences between the response of
the pyloric and posterior region alone. As can clearly be seen in Figure 5.19a, sampling
size category also has a significant effect on ECOD activity (χ2=78.76 , p < 0.001).
Finally, while propranolol also recorded a significant effect of intestinal regions on
metabolic activity (χ2=45.60 , p<0.001), this was related to difference in response
between the pyloric, ant, and posterior but not between the pyloric and mid region
(Figure 5.19b). Unfortunately differences in size were not investigated under this expo-
sure scenario due to difficulties in getting specific sized fish and so the results presented
are representative of the the larger size category (>25 cm).
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Figure 5.19. (a) Levels of ECOD activity induced in intestinal regions after carbamazepine
exposure in two size categories, that of small (< 25 cm)(a) and large (> 25 cm) fish. Significant
differences were found between the two size categories and between the response of the pyloric
and posterior region alone. (b) Significant differences were found between intestinal regions
following propranolol exposure. Differences between size categories was not feasible during the
study due to time constraints. Data is representative of a n = 28 per region. Significance was
set at p < 0.05, with significance level denoted as follows: *** = <0.001, ** = <0.01 and * =
<0.05.
5.3 Discussion
5.3.1 Culture conditions
Although needed, primary cultures methods which can address intestinal biotransforma-
tion are difficult to obtain in any animal model, presumably due to the complex control
of cell proliferation and differentiation in the system. Intestinal enterocyte/epithelium
renewal is highly variable between species, with reports of mammalian turnover occur-
ring every 2-6 days (van der Flier and Clevers, 2009; Hansen et al., 2000), with cell
turnover in exothermic animals such as fish considered to be slower then in endother-
mic animals. Examination of the literature revealed only one study which addressed
eptihelium/enterocyte renewal in salmonid species, reporting significant differences in
cell renewal from 16-112 days dependent on intestinal region (Chikwati et al., 2013).
This difference in cell renewal potential between regions was replicated in the current
study in the ease at which cells from specific regions were cultured and grown, and the
different procedures required for successful extraction. However, Chikwati et al. (2013)
reported on cell renewal in adult fish, while we found that this extended to the younger
fish in our study also, suggesting that this trend in variable epithelium cell renewal
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occurs throughout the life cycle of the fish. Several key observations were critical to the
successful established of cultures of the intestinal system of rainbow trout and they will
now be discussed.
In mammalian cultures, intestinal epithelial cultures are reported as relatively easy
to obtain and fall into three general groups: (i) incubation with chelating agent; (ii)
mechanical dissociation/explant; and (iii) enzymatic digestion of tissue fragments (for
full review see Quaroni and Hochman (1996)). Yet, protocols for the isolation of primary
epithelial cells cannot be extrapolated from one species to another, but commonalities
can persist despite this. Within the first methodology, intestinal cells are released mainly
as large sheets, with preliminary work (chapter 2) identifying this as a methodology with
variable success in culturing of aquatic intestinal tissue. The use of tissue dissociation
procedures based on proteolytic enzymes, results in a much larger number of viable cells
which was observed in our study. Furthermore, although contamination of epithelial
cultures with mesenchymal cells is reported to be extensive (Quaroni and Hochman,
1996), this has not been observed using the methodologies proposed in the current
study. As with other primary culture methods Evans et al. (1992), the conditions under
which the digestion enzymes were used were carefully modified based on intestinal region
and age of the fish. Furthermore, preliminary settings were also carefully standardised
to include pre-wash steps, pre-incubation conditions, incubation temperature regulation
and time required for optimal viable disassociation’s which resulted in healthy viable
cells at this methodological stage. However, other factors external to tissue dissociation
can also play a critical role in the success of tissue dissociation. Studies which address
the impact of donor animal size are minimal (Yuan et al., 2015), with an obvious trend
towards culturing of the "easier" neonatal or young animals. Implicitly understood
is the acknowledged difficulty in obtaining viable cultures of proliferating cells with
increasing age due to the onset of differentiation, increased fibrous connective tissue and
decrease in undifferentiated proliferating cells (Freshney, 2011). Conversely, embryonic
or neonatal tissue which disperses more readily and gives higher numbers of proliferating
cells compared to adult tissue also brings its own difficulties in the form of minimised
sampled size, and requirement for specialised dissecting equipment. To our knowledge,
the current research represents the only existing research which presents methodologies
to culture both categories of growth, but also compares and contrasts characteristic
features of intestinal models. However, similar in both methodologies is the attention to
detail in post processing of tissue following disaggregation whereby shear stress induced
by vigorous pipetting or shaking is kept minimal at speeds known not to induce damage
in cells (Goodyear et al., 2014). Numerous studies have suggested that the primary
reason for rapid cell death of isolated epithelial cells may be disruption of epithelial cell-
to-cell contact with the extracellular matrix which triggers cell death apoptosis refereed
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to as “anoikis" or “dispuration". The data collected during our study would suggest that
the minimisation of shear stress during primary cell extraction allows the maintenance
of epithelium integrity, and thereby assists in cellular attachment (in combination with
other factors).
In mammalian cultures, DMEM supplemented with varying concentrations of FBS and
other components have been the base culture medium used to establish and grow im-
mortalised intestinal cells (Campbell, 2010; Yamada et al., 2009; Kaushik et al., 2008;
Evans et al., 1992). In fish, although intestinal cultures are not common, the trend is
for use of Leibovitz medium (L-15) (Kawano et al., 2010). Previously acknowledged
in the fish intestine is the differences discernible between intestinal regions in terms
of basic physiology (e.g Fard et al. (2007); James et al. (2005); Uldal and Buchmann
(1996) and compound uptake (e.g. Leonard et al. (2009); Ojo and Wood (2008); Nadella
et al. (2006b)). Therefore, it is unsurprising that each region within this organ requires
different methodologies, including medium components. For example, during our study
MEM (a derivative of DMEM) was identified as the optimal medium for the growth of
cells derived from the pyloric intestine (for both size categories), while L-15 (in combina-
tions with different additives) was shown to be optimal for the other regions. Although
growth factors and various additive have been shown beneficial to mammalian intestine
cultures (Kaushik et al., 2008; Macartney et al., 2000; Evans et al., 1992; Fukamachi,
1992), the minimal improvement observed in the proposed culture models may be re-
lated to the use of mammalian growth factors since there is an absence of fish based
growth factors available commercially. It stands to reason that animal species, age
and tissue have varibale sensitivities to digestive enzymes (for examples, see Freshney
(2011)). Analysis of the optimisation steps and cultures of the intestinal regions in our
study would suggest that the combined effects of minimisation of damage during tissue
dissociation (reduced sheer stress), optimised culture medium and incubation conditions
have played a significant role in the successful development of these ex vivo intestinal
models. Unlike mammalian cultures which suffer from a rapid loss of proliferative po-
tential following primary culture (Quaroni and Hochman, 1996), intestinal cells derived
from rainbow trout retain their proliferative potential for 6-8 weeks post isolation and
can undergo up to three passages with minimal reduction in cellular proliferation (per-
sonal observation). Maintenance of cellular proliferation in this model (and metbaolic
activity discussed later) will allow for a comprehensive toxicological assessment whereby
uptake, depuration and repeated uptake of a compound could be investigated in order
to prioritise testing concentrations and significantly minimise animal wastage in line
with the 3Rs.
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5.3.2 Morphological Characterisation
Within the intestine, epithelial cells are joined apically through a complex set of junc-
tion complexes which restrict the moment of membrane components between apical and
basolateral domains. The majority of intestinal culture models always report first on
transepithelial electrical resistance (TEER) as a surrogate for cellular permeability, and
then secondly on tight junction (TJ) formation via immunohistochemical staining pre-
dominantly using ZO-1 and/or E-cadherin as an epithelial marker. Unlike expression
patterns observed in the "gold" standard in vitro intestinal cell line model (see Vllasaliu
et al. (2014) or Leonard et al. (2010)), primary cultures of rainbow trout intestine
demonstrate markedly different expression profiles with each region of the intestine,
co-expressing both the epithelial marker E-cadherin and ZO-1 simultaneously. While
not similar to established in vitro intestinal models, the spatial distribution lends to
some interesting questions such as whether ZO-1 in primary cultures has duel function-
ality in terms of aiding in adherence. This is supported in the mammalian literature
where ZO-1, which was originally associated with tight junction formation, is now im-
plicated in cellular adhesion rather then having a direct role in barrier function (Sonsino
et al., 2002). In contrast to existing mammalian models, rather then forming straight
junctional contacts, elaborate interdigitations are the preferred method of connection
between our intestinal cultures. This feature is not unusual (see Anderson and Van Ital-
lie (2009)) and may play a central cause in the low TEER measurements recorded. Most
of the gastrointestinal track is reported as low TEER (human, animal and fish), and so
the current study which utilised the single seeding methodology perfectly reflects the
native tissue trend. In context, Atlantic salmon intestine has a reported TEER of 80-150
Ω cm2 (Sundell and Sundh, 2012), in comparison to our model which has a comparable
range of 60-90 Ω cm2. However, based on preliminary work with the RTgutGC cell
line ( chapter 4), increases in TEER are feasible utilising the double seeding technique,
which have proven beneficial in other aquatic models (see Schnell et al. (2016); Stott
et al. (2015) and Fletcher et al. (2000)). Unlike the Caco-2 model (Vllasaliu et al., 2014),
TEER measurements were not improved with the application of a basement membrane
such as collagen or fibronectin (observation) reflecting and emphasising dissimilarity
between the aquatic and human intestinal models.
Finally, our study also stained positively for both acidic and neutral mucosubstances
which are region and size specific and are indicative of the carry-over of a small propor-
tion of goblet cells in the model and active channels of absorption (Petrinec et al., 2005).
These differences in expression profiles were predicted based on the biology of fish intes-
tine (see Wallace et al. (2005)) and with studies correlating positive staining with active
absorption and transportation of macromolecules as outlined in Abd-Elhafez EA and
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Hassan AH (2015). This positive staining, without modification or supplementation,
is not replicated in many of the mammalian intestinal models (Chougule et al., 2012;
Yoshikawa et al., 2011). However, some similarities between models are evident, in terms
of epithelial cell nature and minimal micro villi evident under transmission electron mi-
croscope after 7 days in culture (Dixon et al., 2009). In the current study, intestinal
cultures demonstrated ultrastructural similarities with the native intestinal tissue, and
with the cell lines, with both containing endoplasmic reticulum, lysosomes, desmosomes
and infrequent microvillus-projections. Although not investigated, the seeding density
and duration of incubation required for Caco-2 to acquire TJ and high TEER (Prime-
Chapman et al., 2004) and modification with basement membranes (Vllasaliu et al.,
2014) or co-cultures (Nollevaux et al., 2006) provides a means by which current limita-
tions of our model in terms of increased microvilli formation and increased metabolic
activity (discussed later) may be addressed.
5.3.3 Metabolic activity
Metabolic assays in the form of EROD (7-ethoxyresorfun) and ECOD (7-
ethoxycoumarin) require the uptake, metabolism and excretion of the substrates for
any activity to be detected, with each substrate being a broad marker of CYP1A and
CYP3A (Uchea, 2013) families respectively. The use of any assay to measure metabolic
biotransformative activity in enterocytes in teleosts is extremely sparse, with studies
usually focussing on larval (Jones et al., 2010) or hepatocyte induction(Ribalta and
Solé, 2014; Uchea, 2013; Scholz and Segner, 1999). In murine systems, both EROD
and ECOD are regularly combined in hepatocyte cultures as the two isoforms and rep-
resent between 60-90% of total CYP proteins in the liver (For example, see Nussler
et al. (2001)). The CYP1A induction by BNF proceeds via an aryl hydrocarbon recep-
tor, with BNF-mediated CYP induction rather slow with variable incubation periods
and/or concentrations reported for differing models. For example, Morrow et al. (2004)
reports β-NF exposure over 3 days of exposure, while Heinrich et al. (2014) reports
incubation of only 24 h. Despite differences in organ/model origin, induction of EROD
activity is observed to occur using our control inducers (β-NF and B[a]P), with inhibi-
tion also shown to occur under exposure to α-naphthoflavone. However, EROD activity
is minimal (three orders of magnitude) when compared to known hepatocyte induction.
For example, Baron (2014) reports a range of 5-30 pmol/mg protein of EROD activity in
whole cells and spheroid cultures of hepatocytes after β-NF (0.36 µM) exposure, while
Uchea (2013) reports a baseline of approximately 2 pmol/min/mg protein using a simi-
lar rainbow trout hepatocyte model. While differences appear substantial, what should
be noted is the difference in seeding between the studies, with the majority of studies
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reporting on cell volumes in the range of 1×106 cells/mL , with our study utilising a
fraction of this (0.2×106 cells/mL). In addition, studies have also utilised much higher
concentrations of β-NF to induce xenobiotic response (25-50 µM, see (Nussler et al.,
2001) or Hansen et al. (2000)) and this may substantially affect the final measurements
(differences in fold induction).
The present study demonstrates that differences observed between intestinal regions
in vivo (Fard et al., 2007; Uldal and Buchmann, 1996) are also replicated in these ex
vivo models in terms of metabolic activity following exposure to various compounds.
In humans, intraspecific regional differences in metabolic activity along the intestinal
tract has been reported previously (Paine et al., 1999, 1997), with EROD assays on
primary cultures reported to provide evidence that cultures retain activities similar to
those observed in mammalian systems for metabolism of xenobiotics. This was also
observed in both EROD and ECOD activity in the primary cultures of this study,
where although baseline ECOD induction does not vary between region, the size of
donor fish plays a vital role in the observed metabolic response. Rates of ECOD ac-
tivity/induction measured in isolated enterocytes were comparable to those reported
in a similar investigation of porcine enterocyte culture (Hansen et al., 2000), and rat
models (Hodek et al., 2011). As expected, different compounds with different modes of
action elicited differing intestinal specific responses with size of donor fish also affecting
metabolic activity. Yet, biologically this response reflects the physiology of the intestine
with Hansen et al. (2000) reporting the expression of drug-metabolising enzymes are
differentially regulated during ontogenesis resulting in regional differences.
Rifampicin, a well reported CYP3A inducer in mammalian systems (Leite et al., 2012)
and specifically in the intestine (Mariappan and Singh, 2004) but not in liver of rainbow
trout (Smith and Wilson, 2010) showed significant variable induction between intestinal
regions. Huge variation in final ECOD response was also observed, and preliminarily
attributed to differential expression of metabolic enzymes between intestinal regions.
This supposition is supported by the murine literature where inter region variability
was attributed to variable p-glycoprotein expression between regions and efflux medi-
ated and saturable absorption mechanisms (Mariappan and Singh, 2004). Indeed, upon
examination of intestinal responses to other compounds during this study, a similar
trend emerges which can be attributable to variable transporter and absorption mecha-
nisms. Propranolol known to be rapidly absorbed from the mammalian intestinal lumen
(Prime-Chapman et al., 2004; Yamashita et al., 1994), was also rapidly uptaken within
the proposed model, with variable metabolism observed between regions suggesting a
continuous circle of metabolism for this compound. In contrast, carbamazepine was
observed to have significantly different rates of uptake between the pyloric and poste-
rior alone but with size playing a much more prominent factor in metabolic response.
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Trophic transfer of pharmaceuticals in food webs is not well understood, and while
information on dietary biotransfromation enzymes in fish is extremely limited (Lam,
2011; Morrow et al., 2004), we propose the model outlined in our study would provide
a means to investigate some of the gaps in this knowledge.
As with any other intestinal culture model, differences at the molecular level in the reg-
ulation of enzyme induction in in vitro and in vivo models must be investigated further,
particularly if cell culture experiments are to be used for the prediction of toxicological
endpoints or adverse drug effects in vivo. The uses of the proposed intestinal model
are potentially far reaching and are not restricted to toxicologcal endpoints. Examples
include the application of such models to aquaculture feeds, or the impact of the bac-
terial biome in the metabolism of food/drug/xenobiotic metabolism. The latter option
is possible through increased complexity by retaining the mucolytic isolate during the
preliminary cellular isolation procedure. In addition, as we know that compounds (nutri-
tion, pharmaceuticals or toxicants) circulate via the blood system in fish, and regularly
return to the intestine for excretion, metabolism of parent and daughter compounds
can be investigated which cover the whole intestine and identify specific sites of action.
The models proposed in this study would allow for the study of metabolic pathways
and the potential formation of metabolites in both young and adult animals,allowing
the design of a refined focused in vivo experimental design. As a consequence, the
model outlined could substantially reduce the number of animals required for dietary
investigations.
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Chapter 6
The use of electron spin
resonance spectroscopy(ESR) in
assessing oxygen gradients in
spheroids
Published in part: Langan, L.M., Dodd, N.J.F., Owen, S.F., Purcell, W.M., Jackson,
S.K. and Jha, A.N. 2015. Direct measurements of oxygen gradients in spheroid culture
system using electron paramagnetic resonance oximetry. PLoS One, 11(2): e0149492
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6.1 Introduction
The multicellular spheroid model is an extensively used culture system which is widely
utilised for the biochemical and molecular characterisation of various tumours (Nagelk-
erke et al., 2013) and drug metabolism (Mehta et al., 2012). In addition, they offer an
in vitro alternative for the assessment of chemical toxicity and evaluation of environ-
mental samples in biological and ecotoxicology studies (Nagelkerke et al., 2013; Baron
et al., 2012; Mehta et al., 2012; Lin and Chang, 2008). The model has however been
used to study tumours due to the spheroid structure typically reflecting the assembly
of tumours better than monolayer cultures. Various cancers/tumours are known to de-
velop central necrosis and/or regions of hypoxia due to outgrowth of nutrient supply
in the form of the blood, which has made them in the past (prior to spheroid model)
particularly difficult to effectively test for drug delivery and efficacy. Larger spheroids
(600 µm) have well documented zonation which has been shown to be similar to typical
tumour forms (Mehta et al., 2012). This has made the development of spheroid models
based on tumour derived cell lines critical for testing anti-cancer therapeutics.
Over the last two decades, numerous 3D or spheroid culture models have been developed
to bridge the gap between cell-based assays and animal studies in the hope of reducing
experimental uncertainties arising from monolayer culture and the subsequent cost of
the drug screening processes (Lin and Chang, 2008). However, the more widespread
use of the spheroid system as a biologically comparable in vitro alternative is hampered
by mass transport limitations, with spheroids generally displaying gradients of oxygen,
nutrient distribution, metabolic waste accumulation and proliferation profile (Mehta
et al., 2012; Lin and Chang, 2008). The size of the spheroid plays an important role in
the formation of these limitations, with diameters larger than 400-500 µm commonly
following a concentrically layered structure consisting of a necrotic core surrounded by
a viable layer of quiescent cells and an outer rim of proliferating cells (Mehta et al.,
2012; Lin and Chang, 2008). The formation of this necrotic core has not hindered the
use of this method in oncological and toxicological studies as it mimics the biological
structure of a tumour in vivo. Although the model is not currently used in fish derived
ecotooxicology, the spheroid model has the potential to act as an alternative to current
in vitro models if morphological characteristics were established.
In order to understand necrosis in spheroids, the measurements of oxygen (O2/P02)
are vital (Mueller-Klieser and Sutherland, 1982). However, there is little consensus on
the most appropriate method to use due to recently documented difficulties. For ex-
ample, while many groups have characterised the oxygen profile inside various types of
spheroids (Wartenberg et al., 2001) using methods such as the Whalen-type O2 micro-
electrode (Mueller-Klieser and Sutherland, 1982) or Clark electrode (Nichols and Foster,
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1994), recent questions have arisen as to their appropriateness and accuracy in measur-
ing oxygen partial pressure/oxygen saturation. Although Whalen et al. (1967) noted
that recording conditions of the micro-electrode varied significantly dependent on hu-
midity and line noise, a change in P02 of about 1 mm Hg did not stop the widespread
use of this micro-electrode. Subsequent studies, such as that by Mueller-Klieser and
Sutherland (1982) correlated micro-electrode measurements with histological properties
of the spheroids as a demonstration that the electrode did produce consistent results. It
should, however, be noted that the spheroids used during this experiment were abnor-
mally large (400-2000 µm) and of a size not usually attained in non-tumour spheroids
(for examples of non-tumour line based spheroids, see Baron et al. (2012); Gupta and
Johansson (2012) or (Vo, 2010)). Although this method was accepted for many years,
recent evidence suggests that the use of micro-electrodes to measure oxygen suffers
from a number of worrying problems and inherent limitations, including instability of
oxygen measurements, uniform signal drift, formation of gas bubbles in electrolyte and
changes in sensor response time (see Miniaev et al. (2013)). The use of any electrode to
measure oxygen suffers from a number of issues indirectly related to the nature of the
electrode, in which a certain percentage of oxygen consumption by the electrode should
be expected. Additionally, Clark type electrodes also suffer a number of additional lim-
itations, the most prominent is that oxygen measurements may only be recorded from
solutions which are actively being stirred (Miniaev et al., 2013).
In order to minimise these problems, an alternative method for measuring oxygen within
the spheroid was investigated, the concept of which can be seen in Figure 6.1. Electron
paramagnetic resonance (EPR) oximetry, a relatively non-invasive method based on the
in vivo linewidth measurement of an implanted paramagnetic probe, has had great suc-
cess in measuring oxygen in biological systems, such as in isolated organs (V., 2012), in
murine systems (Matsumoto et al., 2005; Velan et al., 2000) and in single cells (Bobko
et al., 2009). This is considered the most reliable technique to detect free radicals in
biological tissues, and when combined with EPR-detectable probes is commonly used
to measure the intra- and extra-cellular oxygen concentrations (Hyodo et al., 2010).
EPR oximetry is based on pure physical interaction (the Heisenberg spin exchange) be-
tween paramagnetic molecules of probe and oxygen and does not interfere with oxygen
metabolism. By specifically and exclusively detecting unpaired electrons, the method
provides a basis for non-invasive oxygen measurements in biological systems. This is
in agreement with current requirements for estimation of oxygen concentration (Mat-
sumoto et al., 2005). The spin label/probe is a paramagnetic species that is introduced
into a system to report on that biological tissue, animal or cell, which produces a simple,
defined spectrum. Electron paramagnetic resonance has a huge advantage over normal
micro-electrode measurements due to the fact that linewidth is based on pure physical
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interaction between paramagnetic molecules of probe and oxygen (V., 2012).
ABC
A: Necrotic/Apopotic core
Quiescent viable zoneB:
Proliferating  zone (viable)C:
1. Cellular Aggregation
with probes
2. Spheroid compaction
with probes
3. Oxygen gradient zonation
3. Spheroid with LiPc Probes
Application
Concept
1. Sonicated LiPc probes 2. Single cells
Figure 6.1. Overall experimental design to probe the feasibility of moving from theoretical
concept to application of EPR oximetry to the spheroid model for the determination of oxygen
content using paramagnetic probes.
The current study represents the first application of this methodology to quantify oxy-
gen gradients within spheroidal systems. Herein, we describe the application of this
method to RTG-2 spheroids and HepG2 tumour model and examine the formation of
oxygen gradients over a range of spheroid sizes allowing for quantification of the impact
of oxygen gradients on later toxicological studies. In addition to this, we examined
the changes in the oxygen saturation profile over a wide range of spheroid sizes, and
thr impact this will have on the future incorporation of the spheroid model in animal
alternatives using the RTG-2 cell line, while also highlighting the ability of this method
to look at the impact of cancer treatments in real time using the HepG2 cell line.
6.2 Materials and Methods
6.2.1 RTG-2 culture conditions
RTG-2 cells were cultured as previously outlined in chapter 2, section 2.2.1. The Rain-
bow trout gonad cell line (RTG-2) was passaged as normal before being seeded (at
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numerous seeding densities) into 96 well u-shaped plates pre-coated with 60 µL of p-
HEMA solution (0.3 g in 50 mL of 95% ethanol, P3932; Sigma) which had been dried at
40 ◦C in a sterile incubator with lids on for 24 h to eliminate cellular attachment. Fol-
lowing recommendations by Repetto et al. (2008), who noted a decrease in cell growth
in the wells on the outer perimeter of the plates, 200 µL of PBS is added to the periph-
eral wells of the 96-well tissue culture microtiter plate in order to maximise spheroid
development and recovery. The 96-well plate was gased with 5% CO2 and placed on an
orbital shaking platform at a constant rotation speed of 83 RPM at 15 ◦C to facilitate
cell aggregation. A quantity of cell medium (100 µL) was replaced every three days due
to evaporation and nutrient replacement.
6.2.2 HepG2 culture conditions
As a means to test the applicability of the methodology over numerous different cell mod-
els, the human hepatocellular carcinoma cell line (HepG2) was obtained from ECACC
(85011430; Sigma) and was used for the evaluation of spheroid formation from tissue
of tumour origin. The cells were cultured in Minimum Essential Medium (MEM-Eagle)
containing 4 mM L-glutamine, supplemented with 10% FBS, 1% non-essential amino
acids (NEAA) and maintained at 37 ◦C. Cultures were sub-cultivated every 6-9 days
(observation dependent) into 75 cm2 flasks (1:4 split, 5× 104 cells/mL), dependent on
the confluency of the cells, as seen in Figure 6.4. Cell viability was assessed prior to the
formation of spheroids using the trypan blue exclusion test (1:1 mixture) for non-viable
cells as previously described in section 2.2.3. Acceptable cell viability for experiments
was set at 98%.
HepG2 spheroids were generated by gyratory mediated methods, as per Liu et al. (2007).
Briefly, HepG2 monolayer cultures were detached, a cell count taken, and numerous
seeding densities plated up in v-shaped tissue culture treated plates pre-coated with
pHEMA (as per RTG-2 spheroid culture). Cells were aggregated using a centrifuge
(700 g × 10 min at 21 ◦)C, with formation further facilitated by gyratory shaker (IKA
260 Basic Gyratory Shaker, Scientific Laboratory Supplies) set at 100-150 rpm at 37
◦C. Plates were set up as per spheroid culture for the RTG-2 cell line with external
wells filled with DPBS to minimise evaporation of growth medium and a quantity of
cell medium (100 µL) was replaced every three days.
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6.2.3 Preparation of paramagnetic probes
Two paramagnetic probes were initially chosen to test within the spheroid model. The
EPR probe Lithium phthalocyanine (LiPc) was first reported in use in 1993 by Liu et al.
and is a class of crystalline paramagnetic probes. It was developed in order to measure
the partial pressure of O2 (pO2) under biologically pertinent conditions in vitro and in
vivo at levels of <40-0.1 mmHg, where 1 mmHg is equal to 133 Pa. Similarly, the second
probe char, was first reported in use in 1998 (Clarkson et al., 1998), and is a class of
carbon based paramagnetic probe. Both probes are suitable for measurements of oxygen
partial pressure where imaging of partial pressure is not required (V., 2012).
Initially, LiPc was ground using a marble mortar and pestle in Dulbecco’s phosphate
buffered saline (DPBS) to make up a 1 mg/mL stock solution. From this a 0.1 mg/mL
suspension was chosen as the optimum probe strength to use in combination with the
spheroids after optimisation of spectra signal strength and intensity via EPR. In order to
reduce the size of the probe particulates to allow for incorporation into the spheroids,
the chosen paramagnetic probe was sonicated in unconditioned DPBS at 4 ◦C in an
Elmasonic S15 ultrasonic washer (37 kHz; ELMA Hans Schmidbauer, Germany). As
previously reported, paramagnetic probes become smaller with longer sonication dura-
tion Liu et al. (1993). After exploring various optimisation regimes of no sonication
versus using sonication times of 1-5 h and the their subsequent incorporation into the
respective spheroid models, a final sonication time of 5 h was determined to yield suffi-
ciently small probe particulates measured as per size measurements section below (11.20
± 1.02 µm). Particulates of this size were easily incorporated during the formation of
the spheroid in both spheroid models.
6.2.3.1 Standard p02 calibration curve with EPR probes
An aliquot of 0.1 mg/mL EPR probe in conditioned medium and in water separately
was drawn into an 8 cm long gas permeable Teflon tube. This Teflon tube was folded
once and placed between the poles of the magnet of the EPR machine, in a resonant
cavity, with the probes located at the centre of the cavity. It should be noted that
EPR and ESR are interchangeable in the literature. Electron spin resonance (ESR)
refers to the machine used, but is interchangeable with EPR as it is only the addition
of the paramagnetic probes to the biological system which changes it from ESR to EPR
(Electron Spin Resonance to Electron Paramagnetic Resonance). For the purpose of this
study, we shall use the term EPR to denote the incorporation of the probe particulates
into a biological system.
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The EPR linewidth of each of the probes was recorded over a period of 100 minutes,
during which linewidth measurement was taken in 3 K increments, starting at 292 K
(19 ◦C). The EPR signal was measured by a Bruker emx micro EPR spectrometer fitted
with variable temperature accessory, with experimental settings as follows: microwave
frequency = 9.42 GHz, scan rate = 100 mT/s, and time constant = 160 s. The mi-
crowave power (mW) and field modulation width (mT) were adjusted based on the EPR
linewidth of each paramagnetic probe to minimize microwave power saturation.
A calibration curve was obtained for each of the two EPR probes tested, LiPc and Char
(Figure 6.2). A Student’s t-test was used to test for differences in linewidth between
water and conditioned medium (for baseline comparison against reads of probes encased
in spheroids) where no significant difference was found between linewidth recordings in
water and conditioned medium.
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Figure 6.2. Calibration curve of the EPR linewidth for paramagnetic probes (a)LiPc and (b)Char
under a constant gas condition of 21% oxygen (room air). The measurements were taken after
twenty minutes equilibration under constant gas flow starting at 292 K (19 ◦C).
The quantitative dependence on pO2 of the EPR spectrum was obtained by measuring
the peak to peak line width (LW) as a function of pO2 in the gas. LW is defined as the
difference in magnetic field between the maximum and minimum of the first derivative
recording of the signal and is presented in Figure 6.3.
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Figure 6.3. Calibration curve of EPR linewidth of LiPc crystals versus partial pressure of oxygen
(pO2) under a constant gas condition of 21% oxygen, over a variety of temperatures. Anoxic
conditions were produced by replacing the oxygen flow with pure nitrogen gas for 4-7 minutes
and recording linewidth of probe.
6.2.4 EPR recordings
Oxygen consumption rate (OCR) using EPR were obtained for spheroids formed after
7 days of growth, where 1 µmole l−1 (µM) of oxygen was measured in a closed chamber
over time, as previously described in detail (Diepart et al., 2010; Presley et al., 2006).
Briefly, spheroids which had already formed around LiPc (7 days) were drawn into a
glass capillary tube with ∼5 µL of medium per spheroid (n = 5) and sealed at both
ends using melted paraffin avoiding the entrapment of any air bubbles. The capillary
tube was visually checked for air bubbles and was discarded if it did not conform. Fol-
lowing inspection, the tube was quickly placed inside the microwave cavity and EPR
spectra acquisition of the LiPc was started immediately. Firstly, oxygen was measured
as a function of EPR spectrum obtained from measurements of peak to peak linewidth
as a function of potential oxygen present at 3 min intervals for 160 min in total. The
change in linewidth was transformed to oxygen concentration using the predetermined
calibration curve described above (Figure 6.3), which was established prior to the ex-
perimental run to account for barometric pressure at that time. Oxygen consumption
rate (OCR) of the spheroids was determined by plotting oxygen (mmHg) against sam-
pling time (min−1). The initial oxygen concentration was calculated based on Henry’s
Law constant, and calculated both for 37 ◦C (HepG2) and 19 ◦C (RTG-2) in pure air.
The OCR rate (k; min−1) was calculated by non-linear regression analysis (Sigma Plot
12.5, Systat Software, USA), using a three parameter exponential decay equation as
follows:
y = y0 + a ∗ exp−b∗x
with OCR read from the slope of the line.
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6.3 Characterisation of spheroid formation
6.3.1 Size measurements
Diameters of individual spheroids (n = 24 individuals, n = 3 wells, per probe type,
per seeding density) were calculated from digital images acquired using a microscope
mounted digital camera attached to an inverted light microscope (OptixCam summit
series, Microscope Store, USA). Digital images were analysed using OCView7 and Image
J (Schneider et al., 2012) to determined spheroid size, and co-efficient of variation was
calculated to determine consistency.
6.3.2 Validation of spheroid formation with probes
Spheroids were cultured as previously outlined in culture conditions of each cell line. To
the seeded wells, 30 µL of 0.1 mg/ml paramagnetic probe (sonicated for 5 h) was added
(LiPc and Char, separately). The 96 well plates (u-shaped and v-shaped) were gassed
with 5% CO2 and placed on an orbital shaking platform at a constant rotation speed
of 83 RRPM. After 24 h, when aggregates of cells encasing the probes had formed, the
rotation speed was reduced to 80 RPM. Medium (100 µL) was exchanged every three
days.
Once the methodology was shown to work, the RTG-2 and HepG2 cell lines were seeded
at different seeding densities in order to validate the appropriateness of the methodology
for a range of spheroid sizes over two models, and identify when spheroids of different
sizes develop distinct oxygen gradients.
6.3.3 Histology
For histological investigations, serial thin sections (3-5 µm) of representative populations
of spheroids were stained with haematoxylin and eosin (as outlined in Section 2.3.1.1).
All the cells that did not show any degenerative changes in their histological structure
were thought viable. These changes include differences in core matrix material, or
presence of necrotic cells.
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6.3.4 Staining for apoptosis
Cellular staining of apoptotic cells in spheroids was carried out using the Click-IT
TUNEL Alexa Fluor 488 imaging assay (C10245; ThermoFisher Scientific) on paraffin
embedded spheroid sections (4 µm) as per manufacturers guidelines. After labelling
with florescence-TdT (apoptotic and necrotic cells) and Hoechst 33342 (DNA), spheroid
sections were visualised under a fluorescence microscope and digital images captured
from at least two spheroid sections. Initially, it was thought to stain whole spheroids and
use confocal scanning electron microscopy to rebuild whole spheroids with incorporated
particulate probes. However, due to the nature of the probes and the strength of the
lasers used during this process, this did not prove feasible.
6.3.5 Scanning Electron Microscopy (SEM)
Intact RTG-2 spheroids and Hepg2 spheroids were collected on day 7 and cryogenic
transmission electron microscopy (cryo-SEM) was performed on a JEOL JSM-6610LV,
operated at an accelerating voltage of 120 kV. Spheroids were initially fixed and placed
on a perforated polymer film attached to a grid, and then washed with distilled water.
The film was then plunged quickly into liquid nitrogen at its boiling point of −196◦C.
Spheroids were examined at a very low acceleration voltage from 3-5kV.
6.3.6 Statistical Analysis
Data is given as mean values ± SD, with n denoting the number of experiments unless
otherwise indicated. In each experimental run of EPR, four to six spheroids of similar
size were pooled for increased signal strength (although small sample sizes were also
investigated to identify minimum quantity of material necessary for discernible signal).
Each experiment was repeated in triplicate, with four scans averaged per individual read,
and three reads per overall spheroid mean oxygen level. Comparison between groups
were analysed by Student’s t-test (Media versus DPBS/water). Data was analysed using
the Friedman non-parametric test due to non-normal data (n=3). A value of p < 0.05
was considered significant.
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6.4 Results
6.4.1 Characterisation of spheroid formation
To ensure consistency, RTG-2 and HepG2 cells grown as monolayer were checked rou-
tinely prior the initiation of any spheroid culture. Passages which deviated from the
expected uniform morphology when confluent (as outlined in Figure 6.4) where not in-
cluded in later micro-environment experiments. Cells seeded in pHEMA-coated 96-well
u/v bottomed plates and maintained under constant gyratory-culture conditions form
spherical aggregates after 24 h (aided by the well shape), although this was dependent
on the initial seeding density and cell line. Spheroids seeded below normal seeding den-
sity (5×104cells/mL) took longer to aggregate, in the region of 2-4 days, rather than 24
h. Since cells were seeded in 96-well plates, each microwell contained a single spheroid
with uniform sizes observed (dependent on initial seeding density).
Minimal modifications were required for the formation of spheroids from both cell lines
despite the difference in cellular origins, the most obvious being the use of the v-shaped
tissue culture plate over the u-shaped plate for the HepG2 cells and the requirement
for a gentle centrifugation step to aggregate the cells prior to placement on gyratory
plate. The fibroblastic nature of the RTG-2 cell line appears to assist in the formation
of tight spheroids as demonstrated in Figure 6.4c when compared to the HepG2 cell line
which is epithelial in origin (Figure 6.4d). This difference in spheroid formation also is
visible when the growth of the spheroids is examined, with HepG2 cells demonstrating
markedly larger spheroid sizes when compared to the RTG-2 cell line (Table 6.1).
It should be noted that preliminary optimisation of spheroid size for HepG2 investigated
a range of seeding densities (1-10 × 104 cells/mL) to allow comparability in size to
the RTG-2 cell line. However, despite going up to 80 ×104 cells/mL seeding with
the RTG-2 cell line, this only provided a spheroid of equivalent size to the HepG2
seeding of 10×104 cells/mL making comparison difficult. In later discussions, we shall
focus primarily on comparison of the size range of less then 10×104 cells/mL to draw
comparable conclusions.
Despite these differences, spheroid volume showed consistent plateaus in spheroid growth
for both cell lines at 7 days, indicating this as an appropriate experimental start date.
In order to ensure that the addition of the probe dif not interfere with the growth
of the spheroids, parallel spheroids were grown with and without the addition of the
paramagnetic probe and size monitored for any variation. No significant difference was
found in either cell line (n = 3 passages per cell line, p > 0.05).
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(a) RTG-2 (b) HepG2
(c) RTG-2 (d) HepG2
Figure 6.4. Morphological appearance of RTG-2 and HepG2 cells prior to initiation of spheroid
culture on day 6/5 of culture, respectively. Note the obvious differences in fibroblastic growth
(a) versus epithelial colony formation (b) in the RTG-2 and HepG2 respectively. When cultured
as spheroids, there is a clear difference in spheroid formation irrespective of differences in tissue
culture treated plates, with RTG-2 spheroids forming compact spherical shapes while HepG2
takes on typical liver morphology as described in the literature. Scale bar = 100 µm.
Recordings of spheroid size between the two cell lines show marked differences in final
size attained. When all seeding densities are amalgamated, the co-efficient of varia-
tion was 10% for the RTG-2 cell line and 13% for the HepG2 cell line showing good
consistency between methods. No significant difference was identified between seeding
densities in terms of co-efficient of variation but a general trend of lower co-efficient
of variation (showing increased consistency) was always observed at the lower seeding
density in both cell lines.
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Table 6.1. Spheroid size of RTG-2 and HepG2 cells based on initial recordings one day post
spheroid formation through to day 7 sampling every 24 h. Spheroid size was based on the
average size of spheroids (n = 8) prior to first recording of oxygen saturation measurement via
EPR, and based over four different passages/experiments for each cell line. Within the table,
NA denotes when measurements at a specific seeding density are not available, while NR stands
for not recorded due to the large size of the HepG2 spheroids. Image recording of the true size
of the HepG2 spheroid were difficult to record and so comparison of the spheroids was limited
to spheroids below 10×104cells/mL.
Seeding density RTG-2 diameter (µm) HepG2 diameter (µm)
cells/spheroid Day 1 Day 7 Day 1 Day 7
2,500 -* 114±32 -* 500±16
5,000 NA NA -* 660±120
10,000 492±43 400±43 -* 815 ± 150
20,000 520±50 450±43 NR NR
60,000 596±69 600±62 NR NR
80,000 875±117 700±117 NR NR
*Spheroids had not formed yet.
Due to concentration of spheroids of both cell lines into pellets held together using His-
togel, it was possible to use standard histological methods for fixation and processing of
spheroids. Histological examination of the spheroid sheets shows intact structures with
preserved morphology indicating the success of the outlined methodology. In the first in-
stance, spheroid sheets were stained using H&E stain and demonstrated the presence of
cell nuclei throughout the spheroid after 7 days. Following this, the sheets were stained
for the presence of apototic cells using the Tunel Kit, and in the lower size categories
of cells (<10×104cells/mL) there was an absence of apoptotic cells in both cell lines,
despite the differences in sizes (Figure 6.5a). SEM images of cryo prepared spheroids
(of the smallest seeding densities) of both cell lines showed tight porous structures with
no observable areas of necrosis as expected from the TUNEL assay and demonstrated
for spheroids derived from the HepG2 cell line in Figure 6.5b.
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(a) Apoptosis stain (b) Cryo-SEM
Figure 6.5. (a) Apototic cells were absent in the smallest RTG-2 spheroid stained with the
CLICK IT Tunel assay (2.5× 104cells/mL). Counter staining with Hoechst 33342 identified
abundant nuceli and highlighted the presence of the LiPC particulate probes clearly. There
ware no visible apoptotic cells present despite the age of spheroid (7 days). Scale bar = 10 µm.
(b) HepG2 spheroid visualized using cryo-SEM. Original Seeding density was 1 × 104cells/mL
equivalent to a spheroid of 447 ±40 µm. Inner structure appears porous which indicates good
diffusion of nutrients and oxygen into the spheroid. Scale bar = 50 µm.
6.4.2 Paramagnetic probe choice
A clear linear relationship was found between the EPR linewidth of both the EPR probes
(LiPc crystals and Char) and temperature as seen in Figure 6.2. The standard curve
at different temperatures showed decreasing linewidth indicating a clear reduction in
dissolved oxygen (Figure 6.2). By overlaying information already known regarding how
much dissolved oxygen (p02) is available at normal barometric pressure (160 mmHg),
given oxygen availability (21%) and at a given temperature, we were able to build a
standard curve of linewidth and available dissolved oxygen (Figure 6.3). The standard
curve produced from the LiPc probe was used for all experiments in this study based on
the narrow spectrum that was produced when spheroids were seeded with the oxiymetry
probes (Figure 6.6).
Based on initial examination of the sharpness of the EPR peak and noisiness of linewidth
line on spheroids embedded with both probes (Figure 6.6), it was decided to proceed
experimentally using the probe with the more defined sharp peak, that being LiPc. Once
the experimental probe was identified, minute modification in volume of the probe were
required for the HepG2 cells, in line with the increased spheroid volume for this cell
line. To be exact, the HepG2 cell line was seeded with 30 µL of probe after some
optimisation of signal strength versus the RTG-2 cell line which only required 20 µL of
probe (0.1mg/mL stock concentration).
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Figure 6.6. Electron Paramagnetic resonance (EPR) spectrum of RTG-2 spheroids: (a)Spectrum
of lithium phthalocynanine (LiPc) in air and (b) Spectrum of Char in air under the same axis
limits. Spheroids had attained a size of 400 µm, with the a strong signal from both probes
seen in the 8 day old spheroids (n = 4). LiPc clearly demonstrates a much more pronounced
and sharper spectrum than Char and so was used in further experiments to characterise oxygen
gradients in spheroid systems.
6.4.3 Oxygen micro-environment formation
A minimum of three experiments consisting of non-parallel passages of the RTG-2 (7-
18) and HepG2 (4-23) cell line was recorded on day 7 and day 14. The diameters of the
RTG-2 spheroids ranged from 114-700 µm, while the size of HepG2 spheroids ranged
form 500-815 µm as varying seeding densities were required to allow comparison between
the models (Table 6.1). Based on narrowing of linewidth as demonstrated in Figure 6.7
for the RTG-2 spectra, oxygen saturation shown as percentage of fully oxygenated
linewidth was determined for each seeding density in each cell line. It should be noted
that linewidth varies with temperature, and so initial oxygen concentration varies in
relation to exposure temperature. Each cell line has been adjusted for this difference,
with RTG-2 having a fully oxygenated linewidth of 1042 mG (292 K) and a linewidth
of 760 mG recorded for HepG2 experimental temperature (310 K).
All oxygen profiles were characterised by a decrease in oxygen levels over seeding den-
sities and time with the lowest seeding densities showing the highest mean [O2] con-
centration at 88% and 65% for RTG-2 and HepG2 spheroids, respectively, on day 7.
This general trend was repeated on day 14, with the lowest seeding density having the
highest oxygen concentration at 44% and 33% for RTG-2 and HepG2 respectively. Un-
usually, higher concentrations of oxygen were identified in the higher seeding densities
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of 60 and 80 ×104cells/mL in the RTG-2 cells on day 14, with a 17% and 5% recorded
respectively.
This apparent increase in oxygen concentration with time and seeding density was not
seen in the cancer derived cell line HepG2. It has been previously shown that even in
conditions where local oxygen is declining, a trigger can be used to increase oxygen for
basic cellular function, such as ROS production. In order to demonstrate that the HepG2
spheroid system maintains basic cellular function, the spheroid (∼500 µm on day 7) was
exposed to hydrogen peroxide (50 µM final well concentration), with the hypothesis that
this trigger will increase oxygen levels in the spheroid. This experiment was carried out
to determine whether EPR is sensitive to even small changes in oxygen content in the
spheroid system. Following measurement of linewidth, HepG2 spheroids were gently
extruded from the gas permeable Teflon tube into the tissue culture wells under sterile
conditions. Spheroids were exposed to the H2O2 for 5 min, and then collected once again
in the gas permeable Teflon tube with minimal medium. Initial linewidth recorded an
oxygen concentration of 55%, with post exposure linewidth equating to 79% after H2O2
exposure suggesting the strength and sensitivity of this method for measurement of
toxicant induced oxygen changes.
Utilizing oxygen concentration over time in each cell line, it was possible to work out
viable rim based on individual linewidth of the spheroids as a percentage of the fully
oxygenated probe and medium linewidth. The viable rim of the spheroid (where oxygen
is not limited) was calculated based on the total oxygen measurable in the spheroid.
The hypoxic zone, where oxygen is limited, was calculated based on the determination
of the viable rim, the refinement of which allows for the quantification of the size of the
senescent zone within. An example of the application of this is presented in Table 6.2
for the RTG-2 cell line.
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Figure 6.7. Repeated EPR spectra of small spheroids (2,500 cells/spheroid) with LiPC embedded
centrally at two time points; day 7 and day 14. Oxygen is visualized and quantified based on
an increase in spectrum linewidth with increased oxygen availability (a) and a narrowing of
linewidth with decreased oxygen (b).
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Table 6.2. Oxygen concentration over time (∆ % O2) within the spheroids is reported as spheroid
linewidth as a percentage of the probe and medium linewidth. Viable rim was calculated based
on the total oxygen measurable in the spheroid (EPR linewidth calculation), with refinement
using (Grimes et al., 2014). Results are presented as the average of three individual experiments.
Seeding Sampling ∆ O2 Radius Viable rim Hypoxic zone
(cells) (day) (%) (µm) (µm) (µm)
2,500 7 88 67 ± 32 59 8
14 45 30 37
10,000 7 48 200 ± 47 96 104
14 24 48 152
20,000 7 34 225 ± 43 77 148
14 27 61 164
60,000 7 28 300 ± 62 84 216
14 45 135 165
80,000 7 22 350 ± 117 77 273
14 26 91 259
In any 3D in vitro system, an ideal scenario would reciprocate native tissue networks
to supply factors which are limited such as oxygen and nutrients. In this context it
is critical to identify good perfusive properties in order to show active uptake system
which mimic both the cancerous (HepG2) and non-cancerous tissue (RTG-2). As shown
in Figure 6.8 for the RTG-2 spheroids, oxygen is rapidly consumed within this system
by the spheroids illustrated by the rapid change in linewidth over time, with the rate
equivalent to 0.0151 mmHg min−1. In contrast, HepG2 spheroids recorded an OCR
of 0.0284 mmHg min−1. Although OCR was calculated after 7 days on spheroids of
equivalent size (approximately 400 µm for RTG-2 and 500µm for HepG2), the difference
in results would suggest that OCR is dependent on the cell line in addition to the cell
density.
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Figure 6.8. Changes in linewidth of RTG-2 spheroids were recorded and converted into oxygen
(mmHg) in a sealed system, with a three-parameter exponential non-linear regression line best
fitting the data (R2=0.99).
6.5 Discussion
Whilst there is a variety of methods available for determination of oxygen within
spheroids, historically it has been acknowledged that the most commonly used method
(e.g. micro-electrodes) suffers from several inherent limitations leading to unreliable
results (oxygen production/consumption by electrode, signal drift, media requirements
etc. (Miniaev et al., 2013). Electron paramagnetic resonance (EPR) oximetry is widely
accepted as one of the most reliable techniques with which to measure free radicals and
oxygen in tissues (Hyodo et al., 2010). However, despite the acknowledged reliability of
this approach, EPR has not been applied to 3D culture systems until now to quantify
oxygen gradients. One advantage which the EPR based method has over normal micro-
electrode measurements is that the linewidth of spectra is based on a purely physical
interaction between paramagnetic probe molecules and oxygen within the biological sys-
tem (V., 2012). In our study, the application of EPR (Figure 6.1) was established firstly
with the successful formation of the spheroid around paramagnetic probes with the as-
sistance of an orbital shaker and subsequently with the strength of the signal achieved
over time (Figure 6.7). Within this study, the concept has been shown to be equally
applicable to both the RTG-2 and the HepG2 cell lines grown as spheroids, despite the
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arguably larger size of the HepG2 spheroids. Interestingly, the type of culture plate
used during the formation of the spheroids significantly impacted the amalgamation of
cells, shape of the spheroid and incorporation of paramagnetic probe into the model
system and this was particularly evident for the HepG2 model.
Oxygen micro-environments are known to form within tumour spheroid models as a
function of culture time and initial seeding densities of cells and spheroid size (Friedrich
et al., 2007). Furthermore, it is widely accepted that tumour cells exhibit greater het-
erogeneity due to gradual genetic changes as a function of cellular division (Vaupel
et al., 1989). Our study provides the first evidence of these micro-environments in a
non-tumour spheroid model of the rainbow trout gonad cell line RTG-2 over a variety of
different spheroid sizes, and this accepted trend in tumour spheroid models is repeated
with the HepG2 cell line. Previous studies have initiated spheroid experiments (eg. tox-
icological exposure) on day 7 (in both aquatic and mammalian based spheroids), due to
a change in cellular structure from loose aggregate to spheroid (Baron et al., 2012; Lin
and Chang, 2008). This trend was also found in our model, with support for the use
of smaller spheroids. EPR spectra were recorded at two time points several days apart
in order to encompass normal in vivo study durations and spheroid formation. Repeat
measures of the same spheroid were possible when aseptic technique was employed dur-
ing handling, and was confirmed throughout the duration of the study with significant
differences recorded between time points and size of spheroids (p < 0.05, n = 3 for both
models). The ability of the probe to form sharp defined spectra encased within the
spheroid and without agitation allows the identification of oxygen distribution within
the model, with repeat recording of spectra entirely possible, as demonstrated during
this study. This ability to repeat measure samples is in direct contrast to other oxy-
gen measurement methods such as micro-electrodes which require the destruction of
the sample per measurement. While the outlined method works particularly well with
spheroids of a certain size category as used in the current study (<800 µm) and in non
tumour spheroid studies, the collection of intact spheroids with parmagnetic probes in
sizes above this (particularly relevant to tumour spheroid models) is hindered by the
size of the pore diameter in the gas permeable tubing utilised during this study. The dis-
aggregation of larger spheroids during collection releases the paramagnetic probes into
the medium and results in abnormally high linewidth/oxygen concentration recordings.
However, this is easily addressed through the selection of gas permeable tubing of larger
pore size dependent on size of tumour spheroid required for use in the study, and is
available from the same manufacturer although it has not been tested during the course
of this study.
While examining the linewidth of both spheroid models, spectra linewidth did not de-
crease below 290 mGauss (mG) in the larger spheroid size class (> 700 µm diameter),
160
6. Micro-environments in spheroids
an occurrence not replicated in the literature for lithium phthalocyanine, despite com-
ing quite close to our zero oxygen linewidth of 200 mGauss (mG) in a purely nitrogen
environment. A suggested reason for this disparity between recorded values herein and
the literature lies in the purity of the paramagnetic probe, with impure probe partic-
ulates reporting different mGauss sensitivity, as previously observed (Liu et al., 1993).
This difference highlights the importance of calibrating each batch of LiPc probe, and
highlights the minimal availability of this probe commercially until recently which may
have hindered comparisons. Indeed, it is also possible that this disparity between results
may also be due to limited information availability in the literature to fully replicate
experiments, a finding previously suggested in a review by Baker (2016) in numerous
scientific fields.
Hypoxic localisation was defined as the area where oxygen may be limited due to senes-
cent or necrotic cells, with percentage oxygen concentration calculated by linewidth
difference in spheroid samples versus completely oxygenated probe in medium. Previ-
ous studies have predicted that viability/viable thickness of the spheroid will tend to
decrease with the growth/age of the spheroid (Grimes et al., 2014; Glicklis et al., 2004),
a finding our study supports for both non-tumour and tumours models alike. Using
oxygen concentration, it was possible to determine viable rim and as a consequence
determine where oxygen becomes limiting causing senescent zones thereby determining
areas of necrosis/hypoxia as outlined in Grimes et al. (2014). Our study identified the
lowest sized spheroids as having the smallest hypoxic zones in addition to the smallest
zone of necrosis/senescence, with the RTG-2 spheroids equating to a hypoxic/anoxic
zone of approximately 2% of the spheroid diameter (∼5 µm) and the HepG2 recording
an approximate 10% zone (equivalent to ∼ 42 µm). This is in agreement with the lit-
erature expectations of minimal, if absent, necrotic zones in smaller size class spheroids
of tumorous and non tumorous origin. Although the results are not presented, the ab-
sence of necrosis in the smaller spheroid size (2,500 cells/spheroid) was also confirmed
via histological staining, as previously reported for tumour based spheroids (Ma et al.,
2012). The important association between spheroid size and formation of oxygen lim-
ited environments in tumorous spheroid models already reported in the literature (Ho
et al., 2012; Sutherland et al., 1981) is further confirmed in our study for both tumor-
ous and non-tumorous spheroid models. The occurrence of this zone of senescence lends
support to the suggestion that necrotic cells arising as quiescent cells die as noted by
previous studies (Wallace and Guo, 2013). When the smallest seeding density in the
RTG-2 cell spheroid is examined closely, a decrease in oxygen concentration and diffu-
sion with time is observed, suggesting the the development of a quiescent zone which
may with time lead to a zone of necrosis. This hypothesis is supported by the applica-
tion of previous studies, which address tumour necrosis formation, with measurements
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for the non-tumour RTG-2 model (Grimes et al., 2014). Equally, this trend can also
be extended to larger sized spheroids, where minimal oxygen concentration is indicative
of large areas of hypoxia and necrosis, a trend repeated throughout the literature and
highlighting the comparability of this method to existing knowledge. Both methods
(EPR and formulae) of determining oxygen concentration within the spheroid model
indicate that when studies requiring a lack of necrosis (such as in the fish liver spheroid
model) are required, it is best to work in spheroids whose size does not exceed a 100
µm in diameter, while those which require necrosis need to be in excess of 800 µm in
diameter at minimum. As a result, this will allow for a more physiologically relevant
native tissue environment which would better duplicate the in vivo response, allowing
for a reduction in the use of animals during preliminary investigative studies.
While our study shows oxygen as a percentage value in order to identify oxygenated 3D
models to be used as an in vitro alternative to live fish tests, other studies report in
terms of partial pressure. Oxygen partial pressure values of 50-60 mm Hg in the spheroid
model have been reported in malignant cells using 3D oximetry methods (Hashem et al.,
2015). Apart from the inherent differences between the two cell lines used (i.e. non
transformed fish vs transformed mammalian, incubation temperature etc.), it is difficult
to make a direct comparison between the two methods as different parameters were
used. Furthermore, assumptions made with respect to calculating the partial pressure
will require taking into consideration several biological and physiochemical factors (i.e.
water vapour pressure, humidity, size of the spheroids, nature of the tight junctions
etc.). However, if the study is standardized to expression of percent oxygen partial
pressure, then comparison is possible. For example, assuming that the partial pressure
of oxygen available at 37 ◦C is 150 mm Hg (assuming high water vapour saturation),
then the external value of 120-130 mm Hg would imply that the outer layer is almost
completely oxygenated (∼90%) at this temperature. This is logical if the outer layer is
limited to 10-20 µm, as in our model, and is further confirmed with our smallest HepG2
spheroid which has a comparable hypoxic interface of ∼45 µm.
In addition to numerous benefits of using EPR over other methods, it should also be
noted that the inherent sensitivity of the paramagnetic probe (i.e. LiPc) allows the
user to report on unusual occurrences within the system, such as the apparent increase
in oxygen concentration (∼11-50 µM; 10-20%) with time in the larger sized spheroids
(>600 µm) of the RTG-2 spheroid and in the HepG2 spheroids (∼800 µm). Whilst this
apparent increase may be due to a disruption of the spheroid body housing the probes as
previously discussed, is unlikely given the physical inspection of each spheroid under a
microscope after linewidth recording. We instead hypothesise this increase is related to
cells within the centre of the spheroid dying due to lack of nutrients thereby increasing
the quantity of oxygen available and is supported by the size of the hypoxic/anoxic zones
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in each spheroid model size class. Whilst this phenomenon has so far not been reported
in spheroid systems (even tumorous) prior to this study, the trend has previously been
reported in monolayer cultures and attributed to an increase in cell death due to lack of
nutrients (Naciri et al., 2008), but the precise mechanism as yet remains unclear.
In order to better understand the kinetics of oxygen consumption, we preformed oxime-
try measurements in a sealed environment using LiPc probes as demonstrated in Fig-
ure 6.8 where oxygen is rapidly consumed by the spheroids in this sealed environment
as demonstrated by a rapid decrease in linewidth. Although this does not occur quickly
in our study compared to the literature, this has been attributed to the sheer number
of cells conventionally used in OCR recordings (for example James et al. (1995) used
6×106 cells/mL). As previously noted, linewidth spectrum was highly variable in the
first 10 min, a trend which has previously been observed in biological tissues whereby
part of the oxygen sensitive LiPc form is converted into an oxygen-insensitive form (Ilan-
govan et al., 2001). Thus, it is likely that this may have occurred here due to the initial
broadening/variable spectra during OCR recording (data not presented). Despite this,
the study method is not devalued in any way due to the acknowledgement of the ini-
tial variable spectra being a common phenomenon associated with the measurement of
oxygen concentrations using this probe. Prior studies have suggested that this is simply
related to the size of the particulate used, and to increase spectra strength, fine tuning
of paramagnetic particulate size must be employed for the specific model under inves-
tigation (Presley et al., 2006; Ilangovan et al., 2001), coupled to the volume of probe
incorporated. In addition, reported values in the literature highlight the importance of
calibrating all batches of paramagnetic probe within experimental confines. In order
to limit variation in our study, a stock solution of LiPc particulates was prepared prior
to the experiment and used throughout the study limiting variability between separate
recordings.
It is widely accepted that the biological activities present in spheroids more closely re-
flect key characteristics of the living organism, and as such may offer a more relevant
alternative to in vitro exposure in biological research. Previous studies have theorized
optimal spheroid diameter in non-tumour mammalian spheroids which allows for effec-
tive diffusion of oxygen through the spheroid based on cell viability and functionality
(Abu-Absi et al., 2004; Glicklis et al., 2004). However, these methods are destructive,
do not allow for repeat measures, and do not answer the question about whether a com-
pound (of similar size) can actually diffuse through the tight junctions prevalent during
spheroid formation/maintenance. Our study addresses this question non-destructively
and supports the use of these in vitro studies as a tool to aid reduction in whole ani-
mal studies. In addition, our study also addresses the size range which is appropriate
to use in non-tumour studies to ensure minimal micro-environment formation while
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also supporting the use of larger spheroids in tumour studies. By adjusting the size
of the spheroid (<150 µm diameter), it is possible to limit/increase the percentage of
the spheroid which is hypoxic/necrotic (<2 % allows for presence of senescent cells), a
finding in line with previous studies (Glicklis et al., 2004). Although tissue origin in
the previous studies differs from our model (murine liver versus fish cell line), sugges-
tions of no oxygen limitation in spheroids below 100 µm are in complete agreement. In
conclusion, EPR has provided insights into the size and cell seeding densities at which
oxygen gradients will play a confounding role in subsequent exposure applications and
thus enable the wider use of the spheroid model to non-tumour based biological stud-
ies.
164
Chapter 7
Spheroid size drives cellular
micro-environment, but not the
xenobiotic metabolism of
propranolol in RTgutGC
Submitted Langan, L.M., Owen, S.F., Dodd, N.J.F., Maciej, M., Purcell, W.M., Jack-
son, S.K. and Jha, A.N. Spheroid size drives cellular micro-environment, but not the
xenobiotic metabolism of propranolol in RTgutGC
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7.1 Introduction
As previously described in Chapter 6, the multicellular 3D spheroid model is an exten-
sively used culture system which has been recognised as a valuable tool for toxicological
assessment across a broad range of human, numerous aquatic, murine and tumour sys-
tems (Baron et al., 2012; Uchea et al., 2015; Cueto et al., 2013; Xu et al., 2003; Ma
et al., 2003; Curcio et al., 2007; Sutherland et al., 1981; Hirschhaeuser et al., 2010;
Mehta et al., 2012). While micro-enviromnent gradient formation has been well char-
acterised in terms of oxygen diffusion in tumour based spheroid models (Hashem et al.,
2015; Vaupel et al., 1989; Mueller-Klieser, 1984; Sutherland et al., 1986), questions still
remain in terms of nutrient and xenobiotic diffusion/metabolism. Beginning with the
route of administration to the final site of action, a drug/toxicant encounters numer-
ous barriers and transporters before reaching its target. Transporters play a key role
in the uptake of toxicants and drugs by cells, with the largest family of transporters
known as the ATP binding cassette (ABC) transporters which include P-glycoprotein
(Pgp). However, in cellular tissue cultured as a 3D construct, oxygen is transported by
diffusion and simultaneously consumed by cells (Curcio et al., 2007). In this context,
larger spheroids demonstrated markedly distinct diffusional gradients which do not pro-
vide sufficient nutrients in to the core of the aggregate. As a consequence of limited
nutrients, basic cellular activity such as waste removal is reduced resulting in eventual
cell death. Any adjustment to this diffusion has clear impacts on energy and xenobi-
otic metabolism and subsequently can impact overall physiology and function of the
spheroid. Typically, research which addresses energy metabolism limitations in these
models have used mathematical modelling of growth (Curcio et al., 2007; Venkatasubra-
manian et al., 2006) or cytotoxic changes in terms of glucose, LDH or protein (Ma et al.,
2003; Xu et al., 2003) as a means of minimising these margins. Regardless of the ob-
vious connection, few studies address the differences in xenobiotic or chemotherapeutic
metabolism as impacted by spheroid size. Cytotoxic response to numerous pharmaceu-
tical compounds using spheroids derived from both a primary source and a cell line was
recently compared (Xu et al., 2003).
Significant differences found between model responsiveness are difficult to interpret since
there is no agreed standard spheroid size, or seeding protocol. Substantial advances
in knowledge about these three dimensional models have highlighted the impact that
incorporation of spheroid size has in terms of model responsiveness. In one of the only
studies which appears to directly address the impact that spheroid size has on cellular
response to treatment, West (1989) investigated the impact that size of spheroid has
on response to a tumour treatment. In the study, a comparison between monolayer
and spheroid response to photodynamic and drug tumour treatment revealed larger
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spheroids have marked resistance in terms of viability (up to 22 fold resistance) to the
tumour treatment when compared to monolayer cultures or smaller spheroids (1.8-2
fold difference). However, most recent studies report on the identification of minimum
spheroid size where micro-environment formation is kept to a minimal in order to prevent
or minimise hypoxia in the internal structure of the spheroid, but do not quantify the
differences in metabolism between size categories (Langan et al., 2016; Curcio et al.,
2007). It is unsurprising that recent reviews have focused on the incorporation of
spheroid size in terms of responsiveness to treatment (Hirschhaeuser et al., 2010) and
on opportunities and challenges associated with the use of this model to test drug
delivery and efficacy (Mehta et al., 2012). However, the development of high-throughput
preparatory methodologies rarely incorporate spheroid size and generally the focus is
on drug penetration within a spheroid as a function of the molecular structure of the
drug. One might argue that the impact of size is important. If different size categories
of spheroids are known to have variable zones of proliferating cells, necrosis or oxygen
transport limitations, how can a single response be standardised or compared in vivo
or in vitro in any animal or human system?
Previously, we have addressed one of the fundamental unknowns in terms of their
widespread use in animal alternative models in the form of elucidation of oxygen micro-
environments based on spheroid size using the rainbow trout gonad cell line RTG-2
(Chapter 6) (Langan et al., 2016). With careful cultivation of the spheroid size in
terms of seeding density, zones of quiescence can be kept to a minimum and as a con-
sequence unmodified metabolism can occur within the model. However, questions re-
garding fundamental characterisation still need addressing in terms of how these oxygen
micro-environments affect the xenobiotic metabolism of the model system. Previously,
the β-blocker propranolol has been reported to be actively metabolised by the rainbow
trout liver spheroid model (Bartram et al., 2012), and while dietary uptake studies are
not well reported in aquatic literature, uptake of propranolol in the intestine has been
reported to be less then half that of the liver in rabbit (Souich et al., 1995) and in murine
systems (Masaki et al., 2006; Okabe et al., 2004). Using the intestinal RTgutGC cell
line cultured as a spheroid and propranolol as our test compound, metabolism in this
intestinal model was compared and contrasted between different size classes to elucidate
the impact that size of spheroid has on xenobiotic metabolism. The use of the intestinal
RTgutGC cell line to model metabolism in the form of a cellular aggregate may not seem
intuitive. Yet, this cell line cultured as a spheroid has previously demonstrated com-
parative morphology in terms of numerous polarised micro villi formations on the edge
of the spheroid structure which arguably facilitates metabolism in this model system.
Staining for the presence of mucosubstances revealed strong staining for both acidic and
neutral mucosusbtances indicative of goblet cells which are comparable to expression in
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vivo intestine ( chapter 4). Finally, examination of the literature reveals instances of
intestinal spheroid cultures (Schlaermann et al., 2014; Mustata et al., 2013; McCracken
et al., 2011), with demand for aquatic spheroid cultures growing as the requirement for
animal alternatives increases (Lillicrap et al., 2016).
7.2 Materials and methods
7.2.1 Reagent and stock preparation
All reagents were from Sigma Aldrich unless otherwise indicated. Propranolol was
a kind donation from industry partners (AstraZeneca). Preparation of paramagnetic
probe (LiPc) was carried out as outlined in Chapter 6, Section 6.2.3.
7.2.2 Cell culture
The rainbow trout gastrointestinal cell line RTgutGC (Kawano et al., 2010) was a kind
gift from Dr. Lucy Lee (University of Fraser Valley, Canada). The cell line was routinely
cultured in 75 cm2 culture flasks at room temperatures (21 ◦C) in L-15 culture medium
supplemented with 10% FBS. Cells were seeded at a density of 5 × 104 cells/mL, and
became confluent 7-8 days later.
RtgutGC cells were cultured as per methodology established for the RTG-2 cell line in
Chapter 6 with appropriate medium conditions. Spheroids formed from the RTgutGC
cell line were characterised based on both histochemical staining for mucosubstances
as per methodology established in Chapter 2, Section 2.3.1.2 in addition to character-
isation via transmission electron microscopy. In addition, growth of the spheroids was
calculated using methodology previously outlined in Chapter 6, Section 6.3.1. Subse-
quent experiments were carried out on spheroids of two initial seeding densities, that of
12.5, 50 and 100×104 cells/mL, with a volume of 200 µL per spheroid well.
7.2.3 EPR oximetry
Oxygen gradients were quantified as per Chapter 6. Briefly, spectra were recorded on
a Bruker EMX micro EPR spectrometer fitted with variable temperature accessory,
operating at 9.4 GHz. Spheroids (2 per spectrum recorded) were drawn into the PTFE
gas-permeable tubing with ∼5 µL of medium per spheroid. The tube was folded once,
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and the spheroids allowed to settle at the fold. Samples were maintained in the cavity at
292 K or 19 ◦C, which was equivalent to the incubation temperature. Oxygen saturation
was quantified by measuring the peak to peak line width ratio of the spectrum relative
to a sample which contained only the probe and medium but not spheroids/cells.
7.2.4 Pharmaceutical metabolism
7.2.4.1 7-Ethoxyresorufin O-dealkylation (EROD)
Metabolic activity via the CYP1A pathway was quantified via the 7-ethoxyresorufin O-
dealkylation assay following the protocol outlined in Chapter 2, Section 2.4.3. Briefly,
spheroids of the RTgutGC cell line were pooled in a 96 well plate and exposed to propra-
nolol (final volume of 100 µL). Within each experimental plate, 4 technical replicates
existed for each exposure concentration with 12 spheroids pooled for 10,000, and 6
spheroids pooled for 20,000 cells/spheroid.
7.2.4.2 Ultraperformance liquid chromatography (HPLC)
Analyses were performed using Surveyor MS Pump Plus HPLC Pump with HTC PAL
autosampler coupled to TSQ Vantage triple quadrupole mass spectrometer equipped
with heated electrospray (HESI II) source (all Thermo Fisher Scientific, Hemel Hemp-
stead, UK). Chromatographic separation was achieved using a reversed-phase, 3 µm
particle size, C18 Hypersil GOLD column (50 mm × 2.1 mm i.d; Thermo Scientific,
San Jose CA, USA). Analytes were separated using a linear gradient of aqueous phase
and methanol both containing 0.1% formic acid. The methanol content increased from
20% to 100% in 1.5 min and was maintained for another 1.5 min before returning to the
initial condition. The flow rate was 500 µL/min. The temperature of the autosampler
was 8 ◦C, while the column was kept at a room temperature. The HESI probe was
operating in positive mode while an ion-spray voltage of +3.75 kV was applied. The
heated capillary temperature was 270 ◦C and the vaporizer temperature was 350 ◦C.
Nitrogen was employed as sheath and auxiliary gas at pressures of 60 and 2 arbitrary
units, respectively. The argon CID gas was used at a pressure of 1.5 mTorr. Quan-
tification of propranolol was performed by monitoring characteristic multiple reaction
monitoring (MRM) transitions 260.2→116.2 m/z (collision energy 17 eV). The inter-
nal standard method of quantification, using matrix matched standards, was used in
all samples analysis. HPLC analysis carried out by Dr. Maciej Trznadel at Exeter
University BioSciences Laboratory.
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7.2.4.3 CYP3A activity via ultraperformance liquid chromatogra-
phy
The presence of the enzyme Cytochrome P4503A (CYP3A) was quantification in the in-
testinal spheroid model using the model inducer testosterone as per the methodology of
Kamiguchi et al. (2010). CYP3A activity was quantified by measuring the extent of 6β-
hydroxytestosterone (H2898, CAS:62-99-7; Sigma) formation from testosterone using
HPLC (UltiMate 3000, ThermoScientific). Stock solutions were made up in HPLC-
grade methanol. Briefly, the cultured RTgutGC cells were seeded at various densities
and washing thrice with Hank’s balanced salt solution and then incubated with 100 µM
testosterone (T1500, CAS: 58-22-0; Sigma) for 2 h. At the end of incubation, 250 µL of
the medium was transferred into a glass vial with 250 µL of methanol and 20 µL of the
mixture injected onto the column. Samples, testosterone and 6β-hydroxytestosterone
were chromatographed using Aquasil C18 column (150 mm× 4.6 mm, 3 µm; Ther-
moFisher) with a C18 security guard (Phenomenex, United Kingdom). The mobile
phase consisted of diluted methanol in water with a gradient profile starting at 50%
from 0 to 15 min, increasing to 60% until 20 min, increasing again to 85% until 22 min
before decreasing back to 50%, all at a flow rate of 1 mL/min). The detection limits for
testosterone and 6β-hydroxytestosterone metabolites was 0.1175 µM and was visually
determined from analysis of samples/peaks with known concentrations of testosterone
and 6β-hydroxytestosterone. Training in sample preparation and analysis of HPLC
results was obtained from Dr. William Vevers, senior technician at Plymouth Univer-
sity. As a control for the CYP3A activity in the RTgutGC intestinal cell line, primary
isolated enterocytes (pyloric, anterior, mid and posterior) were extracted using the pro-
tocol outlined in Chapter 5 and were exposed immediately to testosterone following
isolation.
7.2.5 Statistical Analysis
Statistical analyses were preformed using R, Version 3.1.3 (RStudio, 2015). Data are
given as mean values ± standard deviation, with n denoting the number of replicates per
experiment unless otherwise indicated. Data was first tested for normality and homo-
geneity of variance using the Anderson-Darling normality test and Levene’s test, respec-
tively. A two way ANOVA was ran for multiple factor comparisons when assumptions
were met. Due to non-normality of micro-environment recordings, data was analysed
using a Friedman non-parametric test to account for repeat measurements. Any data
which did not meet normality assumption were further analysed using a Kruskal Wallis
test with Dunn’s test as post hoc. A value of p < 0.05 was considered significant, with
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data presented as p < 0.0001 demonstrating marked significant difference.
7.3 Results
7.3.1 Morphological characterisation of spheroid
Prior to the identification of micro-environment formation in the RTgutGC spheroid,
it was critical that spheroid growth (across all seeding densities, see below for growth
characterisation) was first established in order to identify the point at which spheroids
were formed (Figure 7.1. Three experiments from non-parallel passages (15, 19 and 33)
of the RTgutGC cell line were recorded on day 7 and day 14 to elucidate variation in
oxygen micro-environment formation as a function of seeding density. Diameters of the
spheroids ranged from 143-444 µm (Figure 7.1). The coefficient of variations between
spheroids were recorded (day 7) as 11.64, 10.47 and 3.25% for the 12.5, 50 and 100×104
cells/mL seeding classes, respectively, with an obvious trend towards minimisation of
variability in the larger size class. Examination of QQ-plots revealed homogeneous
variance (p = 0.72, Levene’s test) while application of the Anderson-Darling normality
test revealed normal data (n=3, p > 0.05). Analysis of spheroid size was examined
via ANOVA and revealed significant differences between seeding densities as is clearly
demonstrated in Figure 7.1a (p < 0.001), with Tukey’s post hoc identifying significant
differences between all seeding densities in terms of spheroid size (p < 0.001). However,
this significant difference in terms of size does not extend over time with a plateau in
growth observed after 7 days which was expected given its growth in monolayer form
(personal observation).
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Figure 7.1. Impact of various seeding densities on RTgutGC spheroid formation in terms of size.
Significant differences were observed between all seeding densities in terms of growth as assessed
by ANOVA (n = 3, *** is indicative of a p < 0.001).
Mucosubstances in the intestine are known to play an important role in the protection
and uptake of xenobiotics from the ingested chyme, and there presence in the RTgutGC
spheroid model was confirmed using histological staining (Figure 7.2a). In addition, the
ultrastructure of the spheroid was confirmed to have micro-villus structures which are
essential in an intestinal model for comparable uptake scenarios to be modelled in in
vitro animal alternatives.
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(a) RTgutGC spheroid staining for mucosubstances
(b) TEM image of RTgutGC spheroid ultrastructure
Figure 7.2. (a) Histological sections of RTgutGC spheroids generated through gyratory culture.
Positive staining for both acidic and neutral mucosubstances via PAS and Schiff staing of sec-
tion of spheroid on day 7 of growth (50,000 cells/mL or 10,000 cells/spheroid). Presence of both
acidic, neutral and mixture of mucins are comparable to native rainbow trout intestine (Kho-
jasteh et al., 2009). (b) Transmission electron microscopy (TEM) image of RTgutGC spheroids
on day 7 of growth at the lowest seeding density of 2,500 cells/spheroid. Apical protrusions of
micro-villus structures are denoted by arrows. In addition, other common cellular features are
present including rough endoplasmic reticulum, mitochondria and lysosomes.Scale bar - 100 µm.
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7.3.2 Oxygen micro-environment formation
Oxygen saturation was calculated as a percentage control linewidth (fully oxygenated
environment) and converted to micro-environment as previously outlined in Chapter 6.
Due to non-normal data, and non-homogeneous variances even after transformations,
data derived from micro-environment calculations was analysed using Friedman’s test
due to uneven sample numbers and repeat measures. Significant changes in distribution
of micro-environment formation over time or seeding density was not observed (Fried-
man χ2 = 3, df = 2, p = 0.22). Oxygen profiles (in all seeding densities) demonstrated
a trend towards a decrease in oxygen levels as seeding densities/spheroid size increased
as demonstrated in Figure 7.3.
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Figure 7.3. Impact of two seeding densities on the formation of oxygen micro-environments. No
significant differences were observed in any combination of time or seeding (p > 0.05).
7.3.3 EROD activity
A range of concentrations (1 - 100 µg/L) of propranolol known to induce an EROD
response in rainbow trout primary liver and gill homogenates (Bartram et al., 2012)
was used to check for active metabolism in the intestinal spheroid system, despite some
of the concentrations being well beyond those recorded in the aquatic environment. As
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this was just a quality control method prior to quantification of metabolism via HPLC,
the impact of different sized spheroids was not investigated.
Due to non-normal data, EROD activity was assessed using non-parametric tests, with
significant differences observed between five concentrations of propranolol (n = 4, p
< 0.05 Kruskal Wallis Chi-squared tst). Application of Dunn’s post hoc test (with
Benjamini-Hochberg adjustment) revealed only one significant interaction between the
negative control (0.1% DMSO in L-15) and 40 µg/L propranolol (n = 4, p < 0.05).
Examination of RTgutGC spheroids exposed to propranolol revealed normal data with
homogeneous variance (p = 0.93, Levene’s test). No significant difference was shown
between concentrations (n=3, p = 0.22, ANOVA). However, we postulate that this
was due to the method not being sensitive enough to measure the minimal metabolic
activity present in the experiment due to limited spheroid numbers in the well and
as a consequence reduced metabolic activity (10 spheroids per well, 125,000 cells per
spheroid). This hypothesis was later confirmed using a different compound (data not
presented). Despite this non-significance in the spheroid model, it was decided that
results from monolayer experiments were sufficient to identify 100 µg/L as our control
concentration for further quantification of metabolism via HPLC.
7.3.4 HPLC
All spheroid samples that underwent propranolol exposure were within the limit of
quantification for the equipment used. The depletion of propranolol was measured in
four non-parallel individual passages (biological variability) of the RTgutGC cell line
cultured as spheroids over 24 h, with each treatment run in quadruplicate. Normality
(p = 0.71, Anderson-Darling test)and homogeneity of variance (p = 0.98, Levene’s test)
were first confirmed before application of a two way ANOVA which revealed significant
difference between time 0 and 24 h (p < 0.001) as determined by a Tukey’s post hoc test,
but not between the different spheroid size classes (p = 0.79). The degree of substrate
depletion was markedly different (Figure 7.4) between the lowest seeding category of
50×104 cells/mL (n = 4, CV = 9.23%, 25% difference between 0 and 24 h) and the
highest seeding category of 100×104 cells/mL (n = 4, CV = 2.38%, 15.25% difference
between 0 and 24 h).
Due to non-significance of what had been perceived as an important factor driving
spheroid metabolism (spheroid size), a Pearson’s correlation was used to further exam-
ine the relationship between metabolism of propranolol and other intrinsic factors to
the spheroid. These factors include defined zones of quiescence, hypoxia and oxygen
saturation within the system at time of sampling which may impact metabolism. Sig-
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nificant correlations were only found between spheroid size/seeding and hypoxic zone (r
= 0.96, p < 0.05) and quiescence zone formation (r = 0.92, p < 0.05). However, no sig-
nificant correlations were observed between spheroid size/zone formation or metabolism
suggesting metabolism of propranolol within this spheroid system is not driven by micro-
environments.
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Figure 7.4. Substrate depletion of propranolol over time using two different seeding densities.
Values are representative of 4 individual passages, with each treatment repeated in quadrupli-
cate.
7.3.5 CYP3A activity via ultraperformance liquid chro-
matography
Although standard curves were generated for testosterone and 6β-hydroxytestosterone
as controls for the measurement of CYP3A activity in the RTgutGC cell line (mono-
layer and spheroid formation) in line with procedures outlined in Kamiguchi et al.
(2010) (Figure 7.5), there was a lack of identifiable peaks associated with our standards.
This finds did not vary with seeding density, concentration used or variation in specific
injection volume. Although numerous methodologies were tried, including increasing
seeding densities, incubation time and increasing injection volume from 20 µL to 100
µL under similar conditions, no significant improvements in resulting peaks was identi-
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fied. In order to ascertain whether testosterone as a CYP3A inducer is cell-line specific
through loss of metabolic activity, primary cultures of rainbow trout intestine were
used as controls. Broadly speaking, a similar trend was observed although unknown
peaks on either side of the 6β-hydroxytestosterone peak were observed (Figure 7.6).
Due to time limitations, we could not investigate this further, although primary cul-
ture observations indicate that the intestine does not directly metabolise testosterone
to 6β-hydroxytestosterone as predicted in other models.
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Figure 7.5. HPLC standard curves for testosterone and 6β-hydroxytestosterone
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Figure 7.6. HPLC chromatograms of testosterone metabolism in primary cultures of the intestine
from rainbow trout. The colours represent cultures of the pyloric, anterior, mid and posterior
as black, pink, brown and green respectively after 24 h incubation. The blue chromatogram
is indicative of the control standard 6β-hydroxytestosterone at a concentration of 0.0012 µm.
Three peaks of unknown metabolites are suggested in the chromatograph on either side of the
control substances.
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7.4 Discussion
In any model system, the transport of compounds through cell membranes is a critical
feature in determination of the xenobiotic detoxification by the system. This feature has
a key impact on absorption potential, distribution, elimination, toxicity and especially
efficacy of compounds as noted in cancer spheroid models. As previously discussed,
spheroids are cellular aggregates of cells derived from either primary or cell line sources
which have shown to recapitulate some native tissue in terms of native architecture,
xenobiotic metabolism and elimination of compounds. They suffer from some limita-
tions in terms of micro-environment formation (Mehta et al., 2012) which can be man-
aged prior to experimentation through thorough characterisation and optimisation of
model particulars as outlined in Chapter 6. Importantly, until recently thorough char-
acterisation of aquatic spheroid models in terms of micro-environment formation has
been lacking, potentially impacting on their regulatory uptake through valid concerns
regarding the model’s capacity to replace complex animal systems. The aim of the cur-
rent study was to characterised a secondary fish cell line in terms of micro-environment
formation and compare to a previously characterised system (Chapter 6) in order to
establish if broadly similiar trends exists between aquatic spheroid models despite dif-
ferent origin cell lines/organs. In addition, for the first time we explore whether the
size of the spheroid in-terms of absolute diameter and hypoxic/quiescent zone diameter
impacts on xenobiotic metabolism. In this study, the choice of the intestinal RTgutGC
cell line to model metabolism in the form of a cellular aggregate may not seem obvious.
However, this cell line cultured as spheroids has previously demonstrated comparative
morphology in terms of numerous polarised micro villi formations on the edge of the
spheroid structure which arguably facilitates metabolism in this model system. In ad-
dition, staining for the presence of mucosubstances has also revealed strong staining for
both acidic and neutral mucosusbtances indicative of goblet cells, which are comparable
to expression in vivo intestine. Unlike other spheroid models which increase in size
over time, the RTgutGC model has shown itself to compress over time (over all seeding
densities) becoming a stable volume at approximately 7 days as indicated in prior ex-
periments . In addition, examination of the literature also reveals numerous instances of
intestinal spheroid cultures (Schlaermann et al., 2014; Mustata et al., 2013; McCracken
et al., 2011), with demand for aquatic spheroid cultures growing as the requirement for
animal alternatives increases, in line with the tenants of 3Rs.
In this study, spheroids of different sizes which were produced using different seeding
densities were characterised. As previously observed in Chapter 6, spheroid diameter
stabilises after 7 days in culture over all seeding densities investigated. Until recently,
little attention was devoted to the impact that size plays on active metabolism, but this
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is changing rapidly. A review by Hirschhaeuser et al. (2010) reiterated the importance
of spheroid size in respect of response to treatment in multicellular tumour spheroids.
Of note is the emphasis placed on the establishment of pathophysiological gradients
or micro-environments where proliferative cells are arranged in a concentric pattern
around a hypoxic/necrotic core, which is common in tumour formation. Unusually, the
establishment of this micro-environment was also shown in the RTG-2 fish gonad cells
grown as spheroids, with an increase in hypoxic zone congruent to increased spheroid
size (Langan et al., 2016) (further information available in Chapter 6), a finding also
observed in the current study. However, although similar seeding densities were used in
both studies and spheroid size was comparable (e.g. at a seeding of 100×104cells/mL,
spheroids of size 444.66±2.55 and 450±43 µm were obtained for RTgutGC and RTG-2
cell lines, respectively), oxygen saturation was markedly different with a difference of
approximately 20% between the two models with RTgutGC equivalent to 54% oxygen
saturation and RTG-2 equivalent to 34% on day 7. In addition, while spheroid size
is broadly similar between fish models, diffusion distance and quantification of viable
rim differ markedly between models. The difference between models highlights the
importance of characterising each spheroid model based on individual cell line/tissue
origin, rather then assuming broad species comparability.
Due to variable removal at sewage treatment works, propranolol (a β-blocker) is included
in a targeted monitoring programme ran through the UK Environmental Agency (EA)
(Hilton et al., 2003). Although alternative β-blockers have mostly superseded pro-
pranolol, it is still used to treat conditions including migraines, tremors and cardiac
arrhythmia (Bartram et al., 2012). The liver has long been considered the primary or-
gan responsible for drug metabolism, with several studies addressing hepatic clearance
of propranolol in both murine (Okabe et al., 2004; Xu et al., 2003) and aquatic systems
(Baron et al., 2012; Bartram et al., 2012; Owen et al., 2009), and Owen et al. (2007)
compared and contrasted hepatic clearance of β-blockers between mammals and fish.
However in fish, Randall et al. (1998) first suggested that uptake was most likely to
occur via the gills due to physiochemical properties of the drug such as high lipophilic-
ity (log Dow = 1.2, pH 7.2) and solubility. Recently, this finding was supported by
Stott et al. (2015) who identified rapid uptake of propranolol in primary cultures of gills
from rainbow trout. Although a general consensus emerges in the literature of hepatic
first pass metabolism for propranolol, recent studies have recognised that the liver is
not solely responsible for all xenobiotic metabolism. Indeed, most drug metabolising
enzymes present in the liver are also found in the intestine, but at much lower levels. In
rabbits, propranolol uptake was observed in the intestine at 43% with liver uptake of 96-
97% (Souich et al., 1995), while rat models have also demonstrated active metabolism
in the intestine via simple passive diffusion (Masaki et al., 2006).
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As has been demonstrated in the current study, the RTgutGC cell line is capable
of metabolising propranolol, with uptake varying minimally between different sized
spheroids. The use of spheroids in drug uptake studies and diffusion is increasingly
revealing new effects in some drugs (Achilli et al., 2014), but it is important to note
these studies used small spheroids (< 100 µm) implicitly suggesting the impact that
size/micro-environment formation of the spheroid may have on metabolism. Our study
demonstrates that for the aquatic RTgutGC model, spheroids below 500 µm do not
demonstrate a significant impact of size on metabolism. However, examination of
the results indicates a clear trend towards higher metabolism in the smaller spheroid
size (143±3.99 µm; 50×104 cells/mL) at 25% than compared to the larger spheroid
(444.66±2.56 µm; 100×104 cells/mL) at 15.25%. We suggest this may be directly
related to the activity of the viable cells in the model, with larger spheroids having
less oxygen diffusing into the system than their smaller counterparts (Figure 7.3). As
a consequence of this limited oxygen in larger spheroids, cellular stress is prevalent
and thereby normal cellular activity in terms of metabolism is reduced to maintain
basic functionality. Interestingly, a strong negative relationship was found between
metabolism and the formation of zones of hypoxia and quiescence, which would suggest
that diffusion from the external medium to the cellular body is significantly influenced
by the formation of boundaries in spheroid models. As would be expected, the spheroid
size and seeding show significantly strong positive correlations with micro-environment
formation, a finding supported by tumour models which note that boundary formation
is influenced mainly by oxygen diffusion limits (Grimes et al., 2014).
Studies which support the combined testing of both intestinal and hepatic metabolism,
in vivo or in vitro are growing (Kajbaf et al., 2013), with some studies using co-culturing
of various organs to address the biological complexity of uptake. Inherent in this is the
observed difference in metabolic enzymes between organs being a significant driver of ob-
served metabolism difference. Previous studies have supported the use of testosterone
as a control CYP3A inducer in both intestinal and hepatic cultures, and verified its
presence/activity in the conversion of testosterone to 6-β-hydroxytestosterone, a known
testosterone metabolite (Kamiguchi et al., 2010; Watanabe et al., 2007a). However
in the current study, there was an absence of 6-β-hydroxytestosterone peaks observed
in the RTgutGC cell line. Two plausible reasons for this are hypothesised. Firstly,
CYP3A enzyme expression in the cell line may be minimal or absent. Alternatively, the
metabolite chosen was not correct for the intestine and another metabolite/standard
should have been used which is intestinal specific. There is evidence to support the
latter argument, with Martignoni et al. (2006) previously reporting higher levels of
6β-hydroxytestosterone in the liver than the intestine, with 16β-hydroxytestosterone
measured higher in the intestine then in the liver, suggesting the requirement of a dif-
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ferent product as a control substance to measure metabolic activity in the intestinal
cell line. In rat intestinal microsomes, Kajbaf et al. (2013) previously reported a lack
of testosterone transformation to 6-β-hydroxytestosterone, while James et al. (2005) re-
ported that fish diet and intestinal region can also influence CYP3A activity, with little
activity reported in the distal region of the intestine (mid and posterior). In line with the
literature, our study found no active transformation of testosterone in the RTgutGC cell
line which was originally developed from the distal intestine of rainbow trout. However,
when intestinal primary cultures are compared, a different story emerges more compa-
rable to the mammalian ex vivo literature whereby three unknown peaks are suggested
by the chromatogram (Figure 7.6), and no difference was observed between intestinal
regions. The presence of CYP3A and the efflux transporter P-glycoprotein have already
been established in RTgutGC cell line under different exposure conditions (Chapter 4)
indicating its metabolic competence, and the lack of metabolism of testosterone in no
way impacts on the metabolism of propranolol outlined in this study. Reasons for
this are found in murine systems where propranolol is metabolised via simple diffusion
without the participation of efflux transporters at an apical pH of 7.4 (Masaki et al.,
2006). However, almost all previous studies of fish CYP metabolism in pollutant bio-
transformation have focused on the CYP1A family, with further studies required on the
induction of CYP3A as previously observed by James et al. (2005).
As previously outlined, numerous studies have failed to justify the use of small spheroids
for drug uptake to investigate metabolism. Our study presents the first study addressing
why the use of different sized spheroids may negatively impact xenobiotic metabolism
through the formation of micro-environments detrimental to cellular health and activity.
In respect to aquatic 3D spheroid models, such as those proposed by Baron et al. (2012)
or Vo et al. (2014), size of the spheroid in respect of micro-environments formation plays
a crucial role in the determination of metabolism. As such, care must be taken when
trying to mathematically model biological processes on trends observed in these model
systems.
181
Chapter 8
General discussion and future
research
"There will always be unknown unknowns"
Donald Rumseld
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Traditionally, whole animal testing has taken a central role in evaluating toxicity of
compounds, but suffers from substantial problems, not least of which is the substantial
use of animals required for regulatory assessment (tens of millions of animals) (Van
der Jagt et al., 2004). In addition, molecular and cellular mechanisms of action fol-
lowing toxin exposure are difficult to investigate to any degree of certainty in animal
models. This is due to the complexity and variability within an organism in terms of
organ specific response and additional processes which occur simultaneously. The re-
porting of these problems are consistent between studies, and always include exorbitant
and constantly increasing costs, cumbersome time lines and questions of ethicality have
produced a substantial need for practical and reliable alternatives to animal testing.
Aquatic animal alternatives currently represent less then 1% of all in vitro alternatives.
Despite this, there has been an exponential increase in research which aims to refine
this model as the standard model for toxicity testing moving from the traditional api-
cal endpoint approach (e.g fish lethality tests). This has been encouraged by a more
simplified mechanistic driven approach and typically involve combinations of in vitro
and in silico methods (e.g Wilk-Zasadna et al. (2015)), although are not limited to just
these combinations. Recently in fish, xenobiotic metabolism has been shown to occur
outside of hepatic organs and as outlined in our study it is critical that we begin to
understand the uptake of contaminants via the diet. This is especially important when
the potential trophic transfer of pharmaceuticals in marine food webs is still not well
understood (reviewed by Gaw et al. (2016). As such, the necessity for dietary studies
are high with the contrasting need to minimise animal usage. The availability and com-
parability of the RTgutGC cell line (in vitro method) outlined in previous chapters offers
a potential intermediary in terms of complexity to assess bioaccumulation capacity of
specific compounds which does not require any animal usage. The cell line offers the
opportunity for high throughput screening in addition to providing more economical,
robust alternatives, which are currently in high demand worldwide.
This thesis highlights the importance of reliable and physiologically relevant cell cul-
ture models and supports the development of new testing strategies to study dietary
uptake across a range of disparate environmental contaminants. For this, the first part
of the thesis aims to investigate the RTgutGC cell line and modifications to its expo-
sure conditions to determine its relevance as an ecotoxicological tool using two model
contaminants. The second part focuses on the evaluation of various in vitro 3D culture
models in relation to characterisation and establishment of fundamental components
which may effect their later metabolism and fundamentally effect results obtained dur-
ing co-culture scenarios. Finally, with recognition of some of the limitations of the use of
cell lines in determination of bioaccumulation potential in toxicological assessment, pri-
mary cultures of each region of the rainbow intestine were developed and their relevance
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to pharmaceutical toxicity testing investigated.
8.1 RTgutGC in vitro intestinal model as a tox-
icity tool
Laboratory studies which address in vitro uptake and depuration of a variety of chemi-
cals are assessed using numerous different cell culture systems, with no clearly defined
consensus regarding which characteristics or parameters an in vitro model should possess
in order to represent a viable animal replacement system. In this respect, paracellular
permeability, physiological expression of transporters and metabolising enzymes are the
most essential to initially characterise with respect to the gastrointestinal tract. In the
current investigation, it has been demonstrated that the RTgutGC cell line exposed
using Cortland saline may provide a model more reflective of ex vivo metabolism. A
graphical representation of the two proposed models utilised during this thesis based
on the RTgutGC cell line under specific pH modifications cultured on transwell inserts
is presented in Figure 8.1. It is especially important to note that saline can be used in
the apical compartment which would allow the use of this system with environmental
samples. This has previously been reported in other primary culture models, such as
the gill model which can also sustain saline/water exposure ( (Stott et al., 2015; Wood
et al., 2002) and has also been shown possible in the RTgill-w1 cell line (Dayeh et al.,
2003). The evidence outlined in Chapter 3 and Chapter 4 confirm that the cell line cul-
tured under these conditions provide a more complementary and integrated metabolic
profile when compared to existing literature. Despite the minimal information avail-
able regarding the direct impact of B[a]P on the fish intestine, methodology assessed
in chapter 3 would suggest direct comparability in terms of saturation of DNA repair
mechanism at high doses (Barhoumi et al., 2000; Devaux et al., 1997), and CYP1A
metabolism (Van der Oost et al., 2003). With respect to B[a]P, CYP1A mediated
metabolism has been shown to lead to toxic intermediates such as epoxides which are
very reactive and can bind to cellular macromolecules (De Gelder et al., 2016). It can be
hypothesized that based on active metabolism of B[a]P by the RTgutGC cells and the
obvious trend towards increase in CYP1A activity (up to a maximum of 10 µM) assessed
using the EROD assay, that some form of toxic intermediary is formed. While samples
were collected during this study to investigate the formation of toxic intermediates such
epoxide hydrolase (Ren et al., 2014; Laurén et al., 1989)), time constraints restricted
their analysis. Future confirmation of the production and identification of these inter-
mediates would lend support to the use of this cell line as a model to assess toxicity
of PAHs compounds which are plentiful in the environment. In addition, when the cell
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line is exposed to sub lethal Cu concentrations (as outlined in Chapter 4, the cell line
cultured under simple modified pH conditions in saline was directly comparable with
known patterns of response previously observed using the “gut sac" technique (Nadella
et al., 2006b), suggesting its comparability to this well established method.
The usage of the RTgutGC cell line to assess bioactive substances in fish feeds is al-
ready established, in combination with assessment of its immune response against LPS
(Kawano et al., 2011). There is a suggestion that this cell line will make a good environ-
mental assessment tool, with its usage addressing limitations associated with the “gut
sac" method, of which viability and study duration are the most cited. However, care
must be taken in the interpretation of this data, due to lack of supporting in vivo di-
etary uptake studies. Intestinal absorption is facilitated though various carriers/pumps
present in the intestinal epithelium, and data collected in this study demonstrates the
definite presence of the known efflux transporter P-glycoprotein (Pgp) which would
suggest the presence of contrasting influx transporters. Indeed, in support of the com-
parability of this intestinal model to the established gut model is the fact that carrier
media transporter is saturable and has been shown to be present during Cu exposure,
with indications during B[a]P exposure. However, further characterisation is required.
Alam et al. (2012) observes an absence of correlations exist between the “gut sac" and
in vitro and in vivo models, making direct comparability and establishment of this cell
line as an animal alternative difficult. Characterisation of similarities and differences
in influx and efflux transporters between the model systems would be beneficial, in
addition to the difference in intensity between regions.
It would be remiss on our part to not also highlight areas which need further investiga-
tions and potentially compromises. Although not investigated in the two studies, it is
known that pH can affect the transport of contaminants, with Alam et al. (2012) report-
ing that both internal and media pH affected stability, solubility, ionization, and the
absorption of substrates in the “gut sac" method, with media composition influencing
the substrate transport. With respect to our studies, substrate transporters were not
investigated in detail, although the cell line has been confirmed to have P-glycoprotein,
and other xenobiotic and metal stress response genes. In order to determine the impact
of exposure solution (saline or medium in addition to pH) on observed toxicological re-
sponse, future studies should characterise whether differences in baseline transporters,
xenobiotic stress or other responses varies between cell culture conditions or the pre-
ferred environmental solutions. Certainly, with the ability to sequence all transcriptomes
present in an organism or cell line through next generation cDNA sequencing (RNA-
seq) (Wang et al., 2009) and presence of the rainbow trout genome (Berthelot et al.,
2014; Palti et al., 2012, 2011), this would be the best approach in order to truly quantify
differences between the rainbow trout intestine in vivo and in vitro. The ability of cells
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to adapt to environmental change when cultured as cell lines is the corner stone of their
widespread usage. Yet the degree to which they change is never acknowledged and may
have a critical impact on responses to toxicants. Studies of transcriptome level response
differences between RTgutGC in vitro models would offer an opportunity to understand
differences in mechanisms of xenobiotic, oxidative or other stress responses between
models. Furthermore, the definition of key candidate genes responsible for xenobiotic
response would represent a first step towards understanding the important biochemical
pathways present in the cell line. This would allow for the ethical selection of animals
for testing due to the lack of specific pathway in the in vitro model. In addition, the
definition of such pathways may facilitate the production of biochemical assays with
specific functionality with respect to a toxin group or comparable structures. Finally,
despite its physiological comparability in terms of mucus production, micro-villi forma-
tion and metabolism (1st and 2nd pass), the site of origin of the cell line lies in the
distal intestine of rainbow trout encompassing the middle and posterior region. This
region has previously been shown to uptake B[a]pP (De Gelder et al., 2016), and metals
such as Cu (Nadella et al., 2006b), but not pharmaceuticals, limiting its future usage
based on current knowledge. Due to the lack of availability of a cell line derived from
the proximal intestine (pyloric caeca) or anterior intestine, fish may still be required
in order to address transport, uptake, metabolism and excretion of pharmaceutical or
complex chemical compounds which we address in the next section.
Posterior intestine (pH 7.4)
Media
Cu
Saline
Media
Saline
Mid intestine (pH 7.7)
RTgutGC RTgutGC
Model 1 Model 2
Figure 8.1. Graphical model summary of the RTgutGC cell line, modified under relative pH’s
pertinent to the distal intestine using a combination of saline and L-15 media. This in vitro
design has been shown to directly recapitulate the known uptake patter of Cu previously reported
using “gut sac" preparations (Nadella et al., 2006b), and presented in Chapter 4.
8.2 Development of new Ex vivo models
A large number of in vitro models exist across different species, each with its own ad-
vantages and disadvantages and as such there is no ideal in vitro model. As previously
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discussed, the use of the continuous cell line suffers from some obvious limitations with
respect to area of tissue origin, with primary cultures known to have more morpho-
logical and biochemical characteristics that are similar to that of the original tissue.
However, the ability to isolate, and maintain defined cell types such as enterocytes in
culture provides a valuable tool for analysing complex molecular interactions at the
organ or tissue level which is not feasible in intact organisms. Furthermore, these
"simplified" test systems are fundamentally more amenable to more precisely controlled
experimental manipulation. Central to unravelling metabolism of pharmaceuticals and
other compounds in the environment is a deepening of our understanding metabolism
in the intestine. In order to address this, methodology to facilitate the elucidation of
mechanism of action in each region of the intestine was carried out, with Figure 5.1
representing an early study schematic. A prevalent trend in the literature is the degree
of difference between the development of mammalian in vitro models and those derived
from fish. In culturing of the gastrointestinal tract, this may be due to a perceived
difficulty in establishment of cultures due to physiological complexities unique to the
intestine, or perhaps because traditionally it has been relatively easy to expose the fish
directly to the compound of interest. The development of a system with characteristics
of the in vivo tissue would aid the movement of aquatic in vitro systems from a support-
ing role in weight of evidence assessments into a more regulatory role in toxicological
assessment.
Although in vitro-in vivo predictions of hepatic metabolism have become widely ac-
cepted in mammalian research, and to a lesser extent in aquatic systems, the same
approaches to intestinal metabolism in humans and mammals have proven to be a
greater challenge. Modelling of first pass metabolism in the intestine is difficult, not
least because of the influence of intrinsic metabolic activities but also physiological com-
plexities unique to the intestine. These include multifaceted interplays among passive
permeability, active transport or diffusion, lipid/water layer, tissue binding, relevant
blood flows, heterogeneity in expression of metabolic enzymes throughout the whole
intestinal structure and the least understood component, the interplay between the
bacterial population and metabolism initiated/facilitated by this population. A broad
assumption common across both human and murine literature is that in vivo intestinal
cells depend on complex interactions with the underlying connective tissue to remain
viable and differentiate. Hence, the development of normal immortalised intestinal cell
lines or ex vivo cultures has been generally unsuccessful. This is also suggested in
aquatic systems, where although there are a few studies which have successfully man-
aged to culture sections of the fish intestine (Veillette and Young, 2005b,a), only one
immortalised cell line has been reported (Kawano et al., 2011).
Nonetheless, utilising a variety of different methodologies and subtle modifications based
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on intestinal region and size of fish, successful culture of each region of the rainbow trout
intestine has been proven possible. Indeed, with respect to the pyloric and posterior
region, passages of these cells were maintained for maximum of four passages and up to
three months in duration (one off experiment, 8 weeks more common) before a reduction
in differentiation was observed. When this is applied to studies of metabolism and
transport as schematically outlined in Figure 8.2, this equates to a sacrifice of 2 fish.
This is equivalent to 15 transwell inserts which is doubled for older fish with larger tissue
mass. For studies of xenobiotic metabolism this equates to 96 wells per young fish which
is double in older fish. As expected from the establishment of the RTgutGC cell line,
the posterior intestine represents the most successful culture, with the sacrifice of 2 fish
equivalent to 288 wells (based on seeding density). In real terms, if 300 fish are required
for toxicity testing of a compound in terms of xenobiotic metabolism (numerous doses),
this equates to a potential reduction of almost ∼98% of animals for dietary exposure,
with ∼99% reduction in adults (loosely extrapolated from Burden et al. (2014)). This
represents a potentially huge reduction in the number of animals legislatively required
for dietary uptake studies. Importantly, when duration of viable culture is incorporated,
the proposed model would allow for a more complex exposure scenario then is feasible
with fish lethality tests, where exposure (28 day), elimination/depuration, recovery and
repeated exposure could be ran simultaneously with minimal usage of fish. At present
according to the Tracking System for Alternative test methods Review (Validation and
Approval in the Context of EU Regulations on Chemicals (TSAR)), there is an absence
of animal alternatives to address repeated dose toxicity, with our study potentially
representing the first of its kind.
Despite the many benefits, arguably one may suggest that this system represents a
reductionist model which doesn’t encompass the full complexity of the intestine in terms
of the absorption of molecules, some of which are known to be absorbed into the lamina
propria or myenteric muscles (Charmot, 2012). To this effect, preliminary work during
our study has also optimised a method and medium composition for the specific selection
of this level of the intestine, which is demonstrated in Figure 8.3a. This method results
in a dominantly fibroblast population of cells which adhere within 3 h and form a
monolayer within 2 days dependent on seeding density. Indeed, this method has been
successfully applied to tissue that has previously been selected to remove the enterocyte
population and stored on ice, which supports the tenets of 3Rs by further reduction
in animal usage with increased complexity. Nonetheless, complexity can be further
extended and is discussed in later sections.
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Figure 8.2. The comparability of the in vivo intestine to the proposed in vitro (RTgutGC) and
ex vivo model is diagrammatically represented. Although simplistic in design, the growth of
these cells demonstrates comparable bioaccumulation and metabolism potential.
As previously alluded to, there is currently limited information with regards to in vivo
dietary pharmaceutical studies and thus selection of appropriate compounds may be
presumed to be difficult. Due to time constraints, it was only possible to subject our
test model to a limited number of pharmaceuticals which were carefully chosen based
on aquatic availability and known metabolic activity in both the intestine and in other
metabolic organs (e.g. β-NF,α-NF, carbamazepine, rifampicin and propranolol). How-
ever, reading across to human systems, there are some suggestions which may be applied
to the aquatic system to aid in identification of appropriate compounds. An example
of this is found in Lipinski’s Rule of Five which sets out rules for efficient absorption
of compounds from the GI tract following five simple criteria. Based on rules for com-
pounds which are transported via transcellular routes, intestinal absorption efficiency
can be characterised using a combination of molecular weight (less then 500 daltons),
lipophilicity (octanol water partition coefficient less then 105), hydrogen donor-acceptors
(less then 10 hydrogen bond acceptor groups) and rotatable bonds (five or fewer hy-
drogen bond donor groups) that are judged essential for gut absorption. Using these
rules, a list of compounds may be developed to further toxicity testing in this system.
In this respect, non-systemic drugs which exert their therapeutic effects locally in the
GI tract may for the first time be investigated (for review see Charmot (2012). Indeed,
pharmaceuticals in the environment may also be used in combination with this model,
with the addition of apical saline also possible with this model as previously observed
in the RTgutGC cell line (Chapter 4 & Chapter3).
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Figure 8.3. Future intestinal model incorporations
Currently, ex vivo models are receiving particular interest based on their metabolic
comparability and dedifferentiated state, but there is recognition that singular in vitro
models would be insufficient as a final decision point for toxicity testing (McKim, 2010).
Instead, a tiered approach is recommended whereby a series of models used in isolation
or combined via co-culturing would provide important information at the right time
and relevant location. In this respect, the toxicity model must be well characterised
and predictive of in vivo effects with low incidences of false positive or negative re-
sults. In this regard, the aquatic "fish in a dish" currently being investigated is showing
great promise as a tiered approach for aquatic assessment. Due to the numerous data
available for both the gill and liver, the addition of the intestine to these already estab-
lished models will bring increased complexity to this 3D ex vivo system. For example,
intestinal tissue may be co-cultured with spheroids (e.g liver or gonads) in order to as-
certain what impact intestinal metabolism has on other organ metabolism. An example
of the co-culture model is presented in Figure 8.3b. Utilising ex vivo liver spheroids
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in isolation, Baron (2014) observed no substrate depletion or metabolism of fluoxetine,
carbamazepine, cyclophosphamide and diazepam. Conversely, our model has shown ac-
tive metabolism (using a different method) of carbamazepine in the distal and proximal
intestine using the ECOD assay. Exploring the literature, the majority of studies admin-
ister these drugs orally or under static conditions where food is administered (Farhan
and Haleem, 2015; Galus et al., 2014; Devandla et al., 2013; Nassef et al., 2010). This
may suggest that first pass metabolism occurs in the intestine and that toxic response
of the liver is potentially dependent on secondary metabolites or transformed products.
The present study presents numerous examples of both in vitro and ex vivo intestinal
models which may provide the means to close the gap between these animal alternatives
and predictions from lethality tests. In this context, the combination of the liver and
intestine, and indeed the intestine and other organs may revolutionise 3D fish culture by
providing for the first time the potential missing link in aquatic metabolism of complex
substances.
8.3 Three dimensional constructs for later in-
corporation
Globally, there is a critical need for the development of robust in vitro technologies which
can support regulatory ecotoxicology. A perfect model would mimic all of the charac-
teristics of the in vivo scenario, yet some reasonable compromises must also be made.
Within aquatic systems, hepatic cultures represent a recent toxicological model which
demonstrate great potential as a environmental toxicity tool which reduces animal usage
(Uchea et al., 2015; Baron et al., 2012). Yet, it is unsaid whether this system develops
micro-environments (senescence, apoptosis or necrosis) analogous to their mammalian
counterparts (Mehta et al., 2012), which may later adversely affect metabolic capac-
ity. It is unlikely that any one in vitro model would be sufficient as a final decision
point for toxicity testing, with co-culturing of two or more tissues or organs emerging
as a tool to increase complexity of cell culture models (Kim et al., 2012). As such,
chapter 6 presents the first quantitative characterisation of the presence of these micro-
environments within a surrogate aquatic system (RTG-2, gonad cell line) as proof of
principle and proposes a maximum size which limits the formation of these adverse con-
ditions. This cell line was originally chosen due to its wide availability, and potential to
study the dietary uptake of endocrine disrupting chemicals in co-culture form at a later
date. It is interesting to note that rainbow trout hepatocytes naturally form spheroids
below the threshold identified in our study (Baron, 2014; Baron et al., 2012). Despite the
development of this comparatively simple method to culture hepatocytes in fish (Baron
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et al., 2012) and other mammalian models (Ma et al., 2003), a critical limitation of the
model lies in size variation between individual spheroids when cultured under gyratory-
mediated conditions (∼15% difference in diameter). This size difference can lend itself
to differences in metabolism potentially due to cell number or through the formation of
micro-environments. Using a similar gyratory method, but modified by single seeding
into 96 well coated plates (Chapter 6 & Chapter 7), variation in individual spheroid
size based on seeding density is significantly reduced irrespective of the origin cell line
(CV ∼3-11%), but is significantly impacted by seeding densities with lower variation
observed in the higher seeding densities. This may simply be related to homogeneous
mixing of solutions, and could be improved through minor adjustments. More critical
is the impact that these size differences have on the metabolism of propranolol, which
although not significant are markedly more then expected, especially when you consider
that the lower size category demonstrates more response then the higher size category.
First pass metabolism of this compound has been shown to preferentially occur in the
liver of fish (Baron, 2014; Bartram et al., 2012), although other murine (Masaki et al.,
2006) and rabbit (Souich et al., 1995) models have shown its uptake in the intestine
to a lesser degree then the hepatic system. The lack of significant difference between
spheroids in terms of metabolism may be simply a reflection of this reduced metabolic
capacity for this compound, and this is suggested in the lack of correlation between up-
take, spheroid size, and micro-environment formation. In spite of the lack of significant,
the trend in metabolism is clear, with smaller spheroids demonstrating markedly more
uptake then the larger spheroids, a trend we envision would transpose over to other
spheroid models irrespective of tissue or cell line origin. Although, this may vary signif-
icantly dependent on enzymatic action of endpoint organ (e.g. liver has been shown to
have significantly more CYP1A activity then intestine, but the intestine has compara-
tively more CYP3A activity). This trend may have a significant impact on the future
incorporation of co-culture systems with intestinal cultures (both in vitro and in vivo)
and needs to be thoroughly characterised with each model system individually to truly
understand and identify cellular and mechanistic changes following toxicant exposure
scenarios rather then concealed behind artefacts of spheroid physiology.
8.4 Future research
Irrespective of the huge amount of work encompassed in this thesis, more work is always
required. In this respect, general recommendations for future work are explored. As
outlined in chapter 5, the culture conditions of the intestine are quite variable and
dependent on region and age of the animal. However, there are some areas where
improvement may be made. Although dissecting of the intestine has been standardised,
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the results of parallel tissue sections with no significant difference in terms of weight is
quite variable. Minimal agitation was uniformly used to prevent premature separation
of the enterocytes from the underlying lamina propria in order to minimise intestinal
apoptosis (anoikosis, alternatively spelt anoikis), and has been used successfully in the
culture of normal human intestinal crypts and villus (Beaulieu and Ménard, 2012).
This process is triggered by inadequate extracellular matrix contact. On the other hand,
personal observations during isolation and culturing of the rainbow trout intestine would
indicate that some areas of the intestine are more sensitive to this process then others, in
particular that of the distal or anterior and mid intestine (when compared to either the
pyloric or posterior). In order to address this, an inhibitor of intestine apoptosis must
be found, as cells must be released from the epithelial sheets in order to be separated
and facilitate attachment in culture dishes/transwell inserts. An emerging tool which
has been shown to inhibit apoptosis and facilitate survival of dissociated cells is that of
Y-27632, a selective inhibitor of P160-Rho-associated coiled-coil kinase (ROCK) (Mahe
et al., 2015; Schlaermann et al., 2014; Moon et al., 2013; Mustata et al., 2013; Vargas
et al., 2012; Watanabe et al., 2007b). Still, it is unknown what effect the addition of
this agent to primary extraction of fish intestinal cells will have, but it is likely that an
increase in surviving and attaching cells will lead to enhanced metabolic competence of
the model and may increase comparability to native tissue by increasing surface area
available for transcellular uptake.
The survival and growth requirements of intestinal epithelial cells are poorly under-
stood. Previous studies have suggested that isolated adult enterocytes require a feeder
layer or other complex and ill-defined medium components to maintain growth and
survival (Bjerknes and Cheng, 2006), yet this was not observed in the current study.
This may be directly related to the aquatic system which may be less sensitive to such
matters then human or murine models. However, it would be interesting to explore
media composition in more detail. Although growth factors which have been success-
fully utilised in the culture of human and murine intestinal models were trialled during
our study with minimal success, the origin of this additives were human and not fish.
Perhaps, rainbow trout do not naturally have these growth factors, and the addition of
alternative, native components would facilitate increased growth. Although numerous
successful cultures of fish cell lines and ex vivo cultures utilise L-15 media in combina-
tion with a protein source, as noted for the mid and posterior intestine in this study,
the absence of successful cultures of the distal intestine (pyloric and anterior) until this
point would suggest the necessity to add additional components. Although the pyloric
demonstrates a preference for growth in MEM media, the same can not be said for the
anterior region. Given the small differences in protocols required per region and per
size, and physiological differences in terms of native pH, this is not surprising. The
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anterior intestine represents one region of the intestine which has had minimal reports
of successful culture in large fish during our study and none reported in the literature,
and so represents a challenge. Nonetheless, we must not overlook the obvious potential
for improved attachment and growth with the prevention or minimisation of intestinal
apoptosis during cellular isolation as discussed in the previous section.
As previously discussed, 3D cell culture models have garnered increasing attention scien-
tifically as they promote levels of cell differentiation and tissue organisation not possible
in conventional 2D culture systems. Nonetheless, there are numerous methods to em-
ploy to culture tissue in three dimensions, two of which have been explored in this thesis.
Although complexity can be incorporated into 3D cell culture models grown on transwell
inserts by co-culturing with specific tissues, or modification of the basal compartment,
these models fail to reconstitute features of the living organs that are crucial for their
function, including tissue-tissue interfaces, spatio-temporal gradients of chemicals and
oxygen, and the mechanically active micro-environment (Huh et al., 2011). In order to
address these limitations, "organs-on-chips" were developed that integrate microfluidics
technologies and living cells cultured within 3D devices. These chips can incorporate
numerous tissues, e.g. liver, gut and kidney, with the list expanding with industry fo-
cused investment. They represent a miniaturised 3D model, which would significantly
decrease the number of animals required for testing and are a commercially viable op-
tion. Additionally, the growth of fish intestinal cells in a chip would allow for the study
blood flux and exchange of nutrients and waste products from first pass metabolism
and would facilitate a greater understanding of exchanges between this organ and the
liver. Indeed, although not currently addressed using ex vivo models, other institutions
are investigating its application using the RTgutGC cell line (e.g. EAWAG).
It would be negligent on our part to not address the absence of intestinal bacteria in
our model. The intestinal microbiota and its metabolites are known to play a pivotal
role in the maintenance of physiological and metabolic homoeostasis in human systems
(Rogier, 2012), and is presumed to be comparable in fish (Sullam et al., 2012). On
the other hand, it is rarely acknowledged as playing a central role in toxin metabolism
in any scientific investigation presumably since the intestine was largely ignored in
terms of xenobiotic metabolism until recently. Interestingly, the successful isolation of
enterocytes outlined in chapter 5, also isolates the bacterial community present in the
mucous through the mucolytic wash steps. Due to this, our model can also incorporate
more complexity with the addition of native microbiota to look at symbiotic metabolism,
exponentially increasing the number of compounds which can be tested within this
model. As the deadline for registration of chemical compounds in the EU approaches
(REACH), testing strategies which recapitulate native complexity will be necessary. As
such models are explored, these types of additions to the existing model will become
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essential in establishing this model as the replacement for the gold standard "gut sac"
or "everted sac" methodology.
Outside of modifications to the isolation process, it is becoming essential that a mul-
tidisciplinary approach be employed in order to develop and validate new ex vivo tox-
icological models for regulatory safety standards in addition to industry requirements.
Central to unravelling the complex interactions that occur within a biological system
following exposure is a quantitative understanding of responses at a cellular level. The
proposed ex vivo intestinal model offers the opportunity to provide critical insight into
how the fish intestinal homoeostasis is constructed and maintained. On the other hand,
in environmental toxicology, the explosion of meta’omics approaches in both sequencing
and analytical pipelines is fostering an exponential increase in the directed application
of such methods for toxicological assessment purposes. In this context, the promo-
tion of quantitative measurement of differences in genes, their molecular products and
interactions through methodologies such as genomics, transcriptomics, metabolomics,
proteomics, lipidomics, metagenomics etc are seeing a directed rise in the establish-
ment of standardised methodologies for environmental toxicological purposes. This has
been facilitated by the fact that using advanced computational modelling and data
mining, these methodologies can be utilised for both model and non-model species. As
such, OMICS (the field of study referring to biology ending in -omics such as genomics,
proteomics or metabolomics) have the potential to revolutionise "knowledge based risk
assessment" by discovering the molecular key events, or signatures that are diagnostic of
exposure, apical endpoints and predictive of AOP. Although early in development and
regulatory acceptance, the application of such quantitative techniques to the intestinal
ex vivo model may provide significant weight in its regulatory acceptance, and even fa-
cilitate its incorporation into weight of evidence based approaches for chemical testing,
as suggested for new animal alternative models by the European Chemicals Agency
(2016). Utilisation of such methodologies would allow the quantification of efflux and
influx transporters in the fish enterocytes which allow the design of more comprehensive
and efficient toxicological experiments.
8.5 Conclusion
In view of the potential for some pharmaceuticals with specific pharmacological activity
to cause "effects" at doses lower then those causing a toxic response, some researches
have recommended the adoption of test strategies specifically focused on the mode of
action (MOA) for the pharmaceutical under consideration (e.g. endocrine activity,
genotoxicity, differentiation). However, there are significant considerations with this
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approach, as the amount, nature and pharmacological activity of the drug reaching
the environment are required in order to be relevant. In addition, the testing strategy
would require a substantial number of animals to be utilised. In this respect, the
suitability of in vitro models as an alternative screening tool to whole animal testing
has enormous implications on future ecotoxicological and pharmacological assessments.
The replacement of current fish tests which utilise large numbers of animals with a more
high-throughput, sensitive, economical, ethical, biologically complex and predictive in
vitro model which can accommodate large numbers of chemicals and new pharmaceutical
compounds that require testing under EU legislation represents a fundamental change in
the basic concept and experimental practices of xenobiotic testing. As such, in vitro cell
lines and ex vivo intestinal models offer a relevant and economical alternative, as long as
comparable functionality to native tissue is maintained. In addition, complexity can be
added to the model through the incorporation of other organs through co-culturing, and
various culturing techniques. Excitingly, the RTgutGC cell line (animal replacement)
and ex vivo intestinal cultures (reduction) represent a new and previously unexplored
addition to existing in vitro and ex vivo systems. The added complexity in cell culture
systems could potentially benefit other computational methodologies such as PBPK
modelling.
It has been suggested that in vitro models do not mimic the real biological situation,
but these models cannot be explained using such a simplified definition. Cell based
models are a commitment between an intermediate level of complexity, with multiple
transport systems that reflect the organ in vivo and what is feasible and achievable
to reproduce in the laboratory. Currently, the approaches outlined in this study need
more development and validation before regulatory acceptance is achieved. As a con-
sequence, animal models remain an integral component of toxicity testing. Yet, as the
cost of toxicity testing in animal models increase proportionate to increases in volume of
compounds requiring testing, animal alternatives which recapitulate native absorptive
and metabolic functionality are desperately required. As 3D fish ex vivo models start to
be accepted scientifically (e.g. liver and gill) through the removal of scientific barriers
with improved analytical techniques, the need for validation criteria such as set out for
in vitro models by ECVAM is required. The development of such guidelines will max-
imise the biological relevance and applicability of findings for regulatory purposes, and
aid in the incorporation of such models into mainstream testing strategies. The models
proposed in this study offer an opportunity for large scale international collaborations
(academia and industry) to validate and improve the proposed methodology through
the sharing of existing dietary data and thus provide a validation tool for this highly rel-
evant model. With this broad scale collaborative approach, global recognition of these
animal alternative methodologies can begin with a pragmatic and focused advancement
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of 3Rs strategies.
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Abstract
Advanced in vitro culture from tissues of different origin includes three-dimensional (3D)
organoid micro structures that may mimic conditions in vivo. One example of simple 3D cul-
ture is spheroids; ball shaped structures typically used as liver and tumour models. Oxygen
is critically important in physiological processes, but is difficult to quantify in 3D culture:
and the question arises, how small does a spheroid have to be to have minimal micro-envi-
ronment formation? This question is of particular importance in the growing field of 3D
based models for toxicological assessment. Here, we describe a simple non-invasive
approach modified for the quantitative measurement and subsequent evaluation of oxygen
gradients in spheroids developed from a non-malignant fish cell line (i.e. RTG-2 cells)
using Electron Paramagnetic Resonance (EPR) oximetry. Sonication of the paramagnetic
probe Lithium phthalocyanine (LiPc) allows for incorporation of probe particulates into
spheroid during its formation. Spectra signal strength after incorporation of probe into
spheroid indicated that a volume of 20 μl of probe (stock solution: 0.10 mg/mL) is sufficient
to provide a strong spectra across a range of spheroid sizes. The addition of non-toxic
probes (that do not produce or consume oxygen) report on oxygen diffusion throughout the
spheroid as a function of size. We provide evidence supporting the use of this model over a
range of initial cell seeding densities and spheroid sizes with the production of oxygen dis-
tribution as a function of these parameters. In our spheroid model, lower cell seeding densi-
ties (*2,500 cells/spheroid) and absolute size (118±32 μm) allow control of factors such
as pre-existing stresses (e.g.* 2% normoxic/hypoxic interface) for more accurate mea-
surement of treatment response. The applied methodology provides an elegant, widely
applicable approach to directly characterize spheroid (and other organoid) cultures in bio-
medical and toxicological research.
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Introduction
Over the past three decades, the use of three dimensional cell culture (e.g. spheroids) has gained
increased recognition as an important tool in biological research and in preclinical trials [1–3]
over conventional organs or ex vivo cultures which are unsurprisingly in short supply. Spher-
oids are possibly the simplest 3D tissue model in research with arguably the best physiological
representation of the native tissue in comparison to other commonly used models such as cells
grown as monolayers, tissue slices or ex vivo organs. Typically round or elliptic, the spheroids
are globe like compact structures which can be manipulated without causing mechanical disso-
ciation of the cells [1]. They are formed through the adherence of cells to one another in prefer-
ence to a substrate [3–5]. There is an enormous body of literature on spheroid models and
their use in cancer therapy orientated studies (3D tumour models) to bridge the gap between
cell based assays and in vivo studies [6–8]. These systems can be used to model many character-
istics of avascular tumours and micrometastases of large solid tumours, in addition to better
replicating the barrier to drug penetration represented by native tumour tissue [9]. Previous
research has also demonstrated the suitability of the spheroid system as an in vitro alternative
to the assessment of chemical toxicity and evaluation of environmental samples in biological
and ecotoxicological studies [1, 2, 10–12]. However, in order to use such a 3D system in non
tumour models, we need to understand more about the mass transport limitations of the non-
tumour model, especially in respect of oxygen transport.
To our knowledge, there has been no attempt to directly measure oxygen consumption or
quantify oxygen micro-environment formation non destructively in spheroid based models
(both tumour based and non tumour derived) until the present study. However, it should be
noted that although these questions have not been directly addressed in the literature, EPR has
previously been used as a measure of cytotoxic response to a toxic drug [13]. Micro-environ-
ment formation in spheroids involves the metabolic adaptation of cells in response to this new
environmental structure (e.g. from monolayer to suspension culture) and can cover changes in
lactate accumulation, glucose distribution, cellular proliferation and the response of cells to
external stresses such as diffusive gradients (e.g. oxygen) [14]. The availability of oxygen in
tumour spheroid systems is critical for metabolism, in addition to controlling the responsive-
ness to experimental drug treatments [5, 14, 15]. The formation of micro-environments within
spheroids growing under in vitro conditions is determined by the balance between oxygen dif-
fusion from the growth medium and its consumption within the spheroid. While this relation-
ship has been well established in tumour biology [16–18], there appears to be no studies
addressing this directly in non-tumour models.
Previously, the formation of oxygen micro-environments in tumour spheroid models has
been estimated using a two-pronged approach. One method defines the micro-environment
boundary in the spheroid model (for example, oxygen-sensitive probes such as the Whalen
type electrode or Clark electrode [18–20]). Following this the data is fed into a pre-established
differential equation of diffusion under consideration of the previously defined micro-environ-
ment boundary [21]. Alternatively, mathematical modelling of spheroid micro-environments
is feasible with some basic information of the spheroid obtained destructively through histo-
chemical staining of spheroid sections [22]. It should be noted that there is little consensus in
the literature on the most appropriate method to use due to recently documented difficulties/
limitations of these methods [23].
The use of spin-label oximetry (with paramagnetic probes) to biological systems dates back
over 40 years [24, 25]. Electron Paramagnetic Resonance (EPR alternatively known as ESR)
oximetry has wide applications in biomedical research [26] and oximetry represents a small
subset of this broad field. EPR oximetry is a relatively simple, non-invasive method to measure
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oxygen levels in biological systems using implanted and soluble paramagnetic probes, the use
of which has been gradually increasing [27–30]. The method is based on the Heisenberg spin
exchange between paramagnetic molecules of probe and oxygen causing a change in linewidth
of the EPR spectrum of the probe [27, 31, 32]. One of the most important characteristics of this
approach is that it does not interfere with oxygen metabolism within the biological system,
therefore providing a basis for non-invasive oxygen measurements in biological systems [33], a
critical requirement for measurement of oxygen within 3D models [29].
In the present study, we move from concept to application (Fig 1) by first establishing that
spheroids could form around paramagnetic probe particulates (S1 Fig). Following this estab-
lishment, we then used EPR oximetry to identify variations in oxygen concentration levels as a
function of spheroid size and at different time points. Finally, micro-environments within the
model system at various times and spheroid sizes were formed (as above). The results obtained
were extended further through the application of mathematical formulae to identify zones of
senescence/necrosis [22]. The results provide the evidence required to show maximum spher-
oid size to be used in areas of research requiring the absence/minimal necrosis in the spheroid
system.
Fig 1. Moving from experimental concept to application.Overall experimental design to investigate the feasibility of moving from theoretical concept to
application of EPR oximetry to the spheroid model. The incorporation of paramagnetic probes into the model will allow for the non-invasive determination of
oxygen content/micro-environment.
doi:10.1371/journal.pone.0149492.g001
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Methods
Reagents
All chemicals and reagents were purchased from Life Technologies (UK) and Sigma Aldrich
(UK). The paramagnetic probe Lithium phthalocyanine (LiPc) was a kind gift from Dr. Philip
James, Cardiff University School of Medicine, UK. Paramagnetic probes are also available com-
mercially (for example Alfa Aesar, a Johnson Matthey Company, Massachusetts, USA).
Preparation of paramagnetic probes
Initially, LiPc was ground using a marble morter and pestle in Dulbecco’s phosphate buffered
saline (DPBS) to make up a 1mg/mL stock solution. From this a 0.1mg/mL solution was chosen
as the optimum probe strength to use in combination with the spheroids after optimisation of
spectra signal strength and intensity via EPR. In order to reduce the size of the probes to allow
for incorporation into the spheroids, the chosen paramagnetic probe was sonicated in uncondi-
tioned DPBS at 4°C in an Elmasonic S15 ultrasonic washer (37 kHz; ELMAHans Schmidbauer,
Germany). As previously reported, paramagnetic probes become smaller with longer sonica-
tion duration [34]. After exploring various optimisation regimes (no sonication versus varying
sonication times of 1–5 h), a final sonication time of 5 h was determined to yield sufficiently
small probe particulates measured as per size measurements section below (11.20 ± 1.02 μm).
Particulates of this size were easily incorporated during the formation of the spheroid.
Monolayer culture
Unlike mammalian tumour cell lines which have been well studied in our group [35, 36], with
well defined micro-environments (see [10]), little information exists on spheroids derived from
non-tumour sources in terms of spheroid heterogeneity. The rainbow trout (Oncorhynchus
mykiss) gonad cell line RTG-2 [37] was established from Oncorhynchus mykiss gonads and is
being widely used in the field of in vitro toxicology due to its reproducible results in inter-labo-
ratory validations of cytotoxicity, capacity for metabolism of xenobiotics and well characterised
protein synthesis and oxygen consumption [38–40]. This fibroblastic cell line was obtained
from the ECACC (European Collection of Cell Cultures, Public Health England; ATCC CCL
55) and is routinely used in our laboratory under standard culture conditions [41, 42]. Briefly,
the cells were cultured in 75cm cell culture flasks (Greiner, UK) in Minimal essential medium
(MEM) supplemented with Non-essential Amino Acids (NEAA), 2mM L-glutamine, 10% fetal
bovine serum (FBS), gentimicin (10μg/mL) and 5% CO2 in a 19°C incubator. Cell proliferation
was maintained by weekly sub-cultivation (split 1:3) or seeding at 5×104 cells/mL [41, 42].
Validation of spheroid formation with paramagnetic probe
Confluent cultures of RTG-2 cells were trypsinized and cell number counted and transferred at
defined seeding densities to non-tissue culture treated 96-well u-shaped micro-plates (Greiner,
UK, Cat-No. 650-180) that had been pre-coated with 60μL of a 0.6% of Poly(2-hydroxyethyl
methacrylate)(pHEMA) solution (P3932, Sigma) (dried for 48–56 h in a sterile culture cabinet
at 37°C with lids on) to minimise cellular attachment. To the seeded wells, 20μL of 0.1mg/mL
of the paramagnetic probe LiPc was added. The 96 well plate was gassed with 5% CO2 and
placed at 19°C in a refrigerated incubator (New Brunswick Galaxy 170R, Eppendorf) on an
orbital shaking platform at a constant rotation speed of 83 rpm. After 24 h, when aggregates of
cells encasing the probes had formed, the rotation speed was reduced to 80 rpm. The culture
media was exchanged every three days after initial seeding, by exchanging 100μL old media for
100μL fresh media. During plating up, 200μL of PBS was added to the peripheral wells of the
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96 well tissue culture microtiter plate in order to maximise spheroid development and recovery
[43]. Cellular aggregates were visible after 24h, but did not form spheroids until day 7, as indi-
cated by a plateau in spheroid volume (see section on Size Measurements). Following verifica-
tion of spheroid formation with sonicated LiPc (S1 Fig), the RTG-2 cells were seeded at a range
of densities in order to validate the appropriateness of the methodology for a range of spheroid
sizes. Oxygen concentration is presented as a percentage of fully oxygenated probes and makes
the following assumptions: (a) the spheroid is spheroidal in structure allowing even uptake of
oxygen over the whole model, and (b) oxygen is calculated as a percentage of all probe particu-
lates within the model (linewidth) irrespective of probe location (heterogeneous distribution
due to particulate size).
Size measurements. The RTG-2 single cell size ranges from 11 ±3μm after trypsin treat-
ment, however it is known that cell size is dependent on stage of growth differentiation and
attachment to substrate (for example, [44]). In order to measure variation in size of spheroids,
diameters of a selection of spheroids at different seeding densities (5 seeding densities: 2,500-
80,000 cells/spheroid as per Table 1) were recorded. Biological replicates were defined as non-
parallel passages, with each size measurement of all seeding densities recorded over 3 passages.
Each measurement consisted of 8 technical replicates per seeding density and passage. Diame-
ters/radius were calculated from digital images acquired using a microscope mounted digital
camera attached to an inverted light microscope (OptixCam, The Microscope Store, USA).
Digital images were analysed using OCView7.
EPROximetry
All spectra were recorded on a Bruker emx micro EPR spectrometer fitted with variable tem-
perature accessory, operating at 9.4GHz. The sub-lite-wall PTFE (polytetrafluorethylene) tub-
ing (o.d = 0.97mm and i.d = 0.8mm)(Zeuss, Orangeburg, Sc, USA) used during the study of
EPR linewidth was placed into quartz EPR tubes open at both ends, and the samples main-
tained at 292°K (19°C) by a flow of air. The linewidths of the spectra from aqueous suspensions
of LiPc in PBS were measured at various temperatures between 292°K and 316°K and the
known oxygen solubility at the specific temperatures being used to form a calibration curve.
Spectra were also recorded in water, under an atmosphere of nitrogen to obtain the zero oxygen
point. Field modulation amplitude (ma) was carefully adjusted depending on EPR linewidth to
Table 1. Physiological differences between spheroids of varying sizes at separate sampling times.Oxygen concentration over time (Δ%O2) within
the spheroids is reported as individual linewidth of the spheroids as a percentage of the fully oxygenated probe and media linewidth. The viable rim of the
spheroid, where oxygen is not limited, is calculated based on the total oxygen measurable in the spheroid. The hypoxic zone, where oxygen is limited, is cal-
culated based on the determination of the viable rim, the refinement of which allows for the quantification of the size of the senescent zone within the RTG-2
spheroid. Results are presented as the average of three individual experiments.
Seeding (cells) Sampling (day) Δ O2 (%) Radius (μm) Viable rim (μm) Hypoxic zone (μm)
2,500 7 88 67 ± 32 59 8
14 45 30 37
10,000 7 48 200 ± 47 96 104
14 24 48 152
20,000 7 34 225 ± 43 77 148
14 27 61 164
60,000 7 28 300 ± 62 84 216
14 45 135 165
80,000 7 22 350 ± 117 77 273
14 26 91 259
doi:10.1371/journal.pone.0149492.t001
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prevent over-modulation and artificial broadening. Spheroids were drawn into the PTFE gas
permeable tubing with*5μL of media per spheroid (2 spheroids per linewidth measurement).
The tube was folded once, and the spheroids allowed to sediment at the fold. Samples were
maintained in the cavity at 292°K, which is equivalent to the incubation temperature. Oxygen
concentration was quantified by measuring the peak to peak line width of the spectrum relative
to a sample which contained only the probe and media but not spheroids/cells. An example of
the broad initial spectra at the initial time point, and the significant narrowing is demonstrated
in the supporting information (S2 Fig).
Determination of Oxygen consumption rate (OCR)
Oxygen consumption rate (OCR) using EPR were obtained for spheroids formed from the
RTG-2 cell line, where μmole (μM) of oxygen was measured in a closed chamber over time, as
previously described in detail [16, 45]. Briefly, spheroids which had already formed around
LiPc (7 days) were drawn into a glass capillary tube with*5μL of media per spheroid (n = 5)
and sealed at both ends using melted paraffin avoiding the entrapment of any air bubbles. The
capillary tube was visually checked for air bubbles and was discarded if it did not conform. Fol-
lowing inspection, the tube was quickly placed inside the microwave cavity and EPR spectra
acquisition of the LiPc was started immediately. The decrease in oxygen was measured based
on the EPR spectrum and obtained from measurements of peak to peak linewidth as a function
of potential oxygen present at 3 minute intervals for 160 minutes in total. The change in line-
width was transformed to oxygen concentration using the predetermined calibration curve pre-
sented in supporting information (S3 Fig), which was established prior to the experimental run
to account for barometric pressure at that time. From this, the slope of the decrease in oxygen
concentration versus time yielded the oxygen consumption rate of the spheroids. The initial
oxygen concentration was calculated based on Henry’s Law constant, and taken as 201μM oxy-
gen at 19°C in pure air.
Statistical Analysis
The data has been presented as mean values ± SD, with n denoting the number of replicates
per experiment unless otherwise indicated. Comparison between groups were analysed by Stu-
dent’s t-test (Media versus DPBS/water). Results were analysed using the Friedman non-
parametric test due to non-normal data (n = 3). A value of p< 0.05 was considered significant.
Results and Discussion
Whilst there are a variety of methods available for determination of oxygen within spheroids,
historically it has been acknowledged that the most commonly used method (e.g. micro-elec-
trodes) suffer from several inherent limitations leading to unreliable results (oxygen produc-
tion/consumption by electrode, signal drift, media requirements etc. [23]). Electron
paramagnetic resonance (EPR) oximetry is widely accepted as one of the most reliable tech-
niques with which to measure free radicals and oxygen in tissues [32]. However, despite the
acknowledged reliability of this approach, EPR has not been applied to 3D culture systems
until now to quantify oxygen gradients. One advantage which EPR based methodology has
over normal micro-electrode measurements is that linewidth of spectra is based on pure physi-
cal interaction between paramagnetic probe molecules and oxygen within the biological system
[27]. In our study, the application of EPR from concept to application (Fig 1) was established
firstly with the successful formation of the spheroid around paramagnetic probes with the
assistance of an orbital shaker and subsequently with the strength of the signal achieved over
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time (S2 Fig). Although results are not presented herein, our method was also shown to be
applicable to a well characterised tumour based liver spheroid model (i.e HepG2 cell line).
Oxygen micro-environments are known to form within tumour spheroid models as a func-
tion of culture time and initial seeding densities of cells and spheroid size [46]. Furthermore,
it is widely accepted that tumour cells exhibit greater heterogeneity due to gradual genetic
changes as a function of cellular division [47]. Our study provides for the first time evidence
of these micro-environments in the non-tumour spheroid model of the rainbow trout gonad
cell line RTG-2 over a variety of different spheroid sizes. Previous studies have initiated spher-
oid experiments (eg. exposure) on day 7 (in both aquatic and mammalian based spheroids),
due to a change in cellular structure from loose aggregate to spheroid [2, 11]. This trend was
further reiterated in our model, with support for the use of smaller spheroids. EPR spectra
were recorded at two time points several days apart in order to encompass normal in vivo
study durations and spheroid formation. Repeat measures of the same spheroid was possible
when aseptic technique was employed during handling, and was confirmed throughout the
duration of the study with significant differences recorded between time points and size of
spheroids (p< 0.05, n = 3). The ability of the probe to form sharp defined spectra encased
within the spheroid and without agitation allows the identification of oxygen distribution
within the model, with repeat recording of spectra entirely possible, as demonstrated during
this study. This ability to repeat measure samples is in direct contrast to other oxygen mea-
surement methods such as micro-electrodes which require the destruction of the sample per
measurement.
During the study, spectra linewidth did not decrease below 290 mGauss (mG) in the larger
spheroid size class (> 700μm diameter), an occurrence not replicated in the literature for Lith-
ium phthalocyanine, despite coming quite close to our zero oxygen linewidth of 200 mGauss
(mG) in a purely nitrogen environment. A suggested reason for this disparity between recorded
values herein and the literature lies in the purity of the paramagnetic probe, with impure probe
particulates reporting different mGauss sensitivity, as previously observed [34]. This difference
highlights the importance of calibrating each batch of LiPc probe.
In the context of the current study, hypoxic localisation is defined as the area where oxygen
may be limited due to tight junction formation, senescent or necrotic cells. Percentage oxygen
concentration within the spheroid model was determined by linewidth difference in sample
versus completely oxygenated probe in media (n = 3) and was observed to narrow as expected
with time and decreased oxygen availability (Table 1). In agreement with our results, previous
studies have predicted that viability/viable thickness of the spheroid will tend to decrease with
the growth/age of the spheroid [5, 22]. Based on this concentration (%), it was possible to
determine the viable rim within the spheroid model and from this to calculate the correspond-
ing hypoxic region of the spheroid as a percentage of overall size. In combination with the ini-
tial identification of oxygen concentration within the model, the calculation can be further
extended to detect specific oxygen gradients where oxygen is limited (rl) through diffusion dif-
ficulties (oxygen partial pressure and Henry’s law Constant at experimental culture conditions)
causing senescent zones and as a consequence zones of necrosis can be identified [22]. Teasing
apart differences in hypoxic region from differences in oxygen diffusion into the spheroid from
the media, it is clear that there is significant overlap in some seeding densities, allowing the
identification of necrotic and quiescent zones. Our study identifies the lowest sized spheroid as
having the smallest hypoxic zone in addition to the smallest zone of necrosis/senescence. This
is in agreement with the literature expectations of minimal, if absent, necrotic zones in smaller
size class spheroids of tumorous and non tumorous origin. Although the results are not pre-
sented, the absence of necrosis in the smaller spheroid size (2,500 cells/spheroid) was also con-
firmed via histological staining, as previously reported for tumour based spheroids [48].
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Our study highlights the important association between size and the formation of oxygen
limited environments (hypoxia) within the spheroid system, a finding which has already been
illustrated in the literature for tumour derived spheroid models [49, 50] but nevertheless has
remained unknown till now in the non tumour models. The occurrence of this zone of senes-
cence lends support to the suggestion that necrotic cells arising as quiescent cells die as noted
by previous studies [51]. When the smallest seeding density in the RTG-2 cell spheroid is
examined closely, a decrease in oxygen concentration and diffusion with time is observed, sug-
gesting the the development of a quiescent zone which may with time lead to a zone of necrosis.
This hypothesis is supported by the application of previous studies, which address tumour
necrosis formation, with measurements for the non-tumour RTG-2 model [22]. Equally, this
trend can also be extended to larger sized spheroids, where minimal oxygen concentration is
indicative of large areas of hypoxia and necrosis, a trend repeated throughout the literature and
highlighting the comparability of this method to existing knowledge. Both methods (EPR and
formulae) of determining oxygen concentration within the spheroid model indicate that when
studies requiring a lack of necrosis (such as in the fish liver spheroid model) are required, it is
best to work in spheroids whose size does not exceed a 100μm in diameter. As a result, this will
allow for a more physiologically relevant native tissue environment which would better dupli-
cate the in vivo response, allowing for a reduction in the use of animals during preliminary
investigative studies.
While our study shows oxygen as a percentage value in order to identify oxygenated 3D
models to be used as an in vitro alternative to live fish tests, other studies report in terms of par-
tial pressure. Oxygen partial pressure values of 50–60 mmHg in the spheroid model have been
reported in malignant cells using 3D oximetry methods [52]. Apart from the inherent differ-
ences between the two cell lines used (i.e. non transformed fish vs transformed mammalian,
incubation temperature etc.), it is difficult to make a direct comparison between the two meth-
ods as different parameters were used. Furthermore, assumptions made with respect to calcu-
lating the partial pressure will require taking into consideration several biological and
physiochemical factors (i.e. water vapour pressure, humidity, size of the spheroids, nature of
the tight junctions etc.). However, if the study is standardized to expression of percent oxygen
partial pressure, then comparison is possible. For example, assuming that the partial pressure
of oxygen available at 37°C is 150 mmHg (assuming high water vapour saturation), then the
external value of 120–130 mm Hg would imply that the outer layer is almost completely oxy-
genated (*90%) at this temperature. This is logical if the outer layer is limited to 10–20 μm, as
in our model.
In addition to numerous benefits of using EPR over other methods, it should also be noted
that the inherent sensitivity of the paramagnetic probe (i.e. LiPc) allows the user to report on
unusual occurrences within the system, such as the apparent increase in oxygen concentration
(*11–50 μM) with time in the larger sized spheroids (600μm) (Table 1). We have attributed
this increase in oxygen to the cells within the centre of the spheroid dying due to lack of nutri-
ents, as indicated by the size of the anoxic zone in both these size classes. While this phenome-
non has so far not been reported in spheroid systems prior to this study, the hypothesis is
supported by other studies that noted a similar trend of increase in dissolved oxygen level in
monolayer cultures which were correlated with an increase in cell death attributed to lack of
nutrients [53], but the precise mechanism as yet remains unclear.
In order to better understand the kinetics of oxygen consumption, we preformed oximetry
measurements in a sealed environment using LiPc probes. As is clearly demonstrated in Fig 2,
oxygen is rapidly consumed by the spheroids in this sealed environment as demonstrated by a
rapid decrease in linewidth. Oxygen concentrations (μM) were back-calculated within the
model from a standard curve of oxygen with respect to literature reported availability at specific
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Fig 2. Oxygen consumption rate using EPR for a spheroid of*120μmon day 7. A decrease in oxygen concentration relative to time is explained by the
formula -2.21T+623.77 (R2 = 0.91), where μmole of oxygen is represented by μM and T is in minutes (160 min) and where the linear range occurs within the
first 50 minutes. This linear range corresponds to an oxygen concentration range of 178-101μM. It appears that spheroids are unable to consume oxygen in a
linear manner below 100 μM, perhaps due to formation of oxygen diffusion gradients. The OCR rate is a result of the average of two separate experimental
runs.
doi:10.1371/journal.pone.0149492.g002
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temperature (S3 Fig), and presented on the z-axis as a function of linewidth. The kinetics of
oxygen consumption could not be recorded accurately for the first 7–10 min due to the inher-
ent variation of the linewidth. Previous studies have identified that in biological tissues, a part
of the oxygen sensitive LiPc form is converted into an oxygen-insensitive form [54]. Thus, it is
likely that this may have occurred here due to the initial broadening/variable spectra during
OCR recording. Despite this, the study method is not devalued in anyway due to the acknowl-
edgement of the initial variable spectra being a common phenomenon associated with the mea-
surement of oxygen concentrations using this probe. Prior studies have suggested that it is
simply related to the size of the particulate used, and to increase spectra strength, fine tuning of
paramagnetic particulate size must be employed for the specific model under investigation [45,
54]. In addition, reported values in the literature highlight the importance of calibrating all
batches of paramagnetic probe within experimental confines. In order to limit variation, a
stock solution of LiPc particulates was prepared prior to the experiment and used throughout
the study limiting variability between separate recordings.
Summary and conclusion
It is widely accepted that the biological activities present in spheroids more closely reflect key
characteristics of the living organism, and as such may offer a more relevant alternative to in
vitro exposure in biological research. Previous studies have theorized optimal spheroid diame-
ter in non-tumour mammalian spheroids which allows for effective diffusion of oxygen
through the spheroid based on cell viability and functionality [5, 55]. However, these methods
are destructive, do not allow for repeat measures, and do not answer the question about
whether a compound (of similar size) can actually diffuse through the tight junctions preva-
lent during spheroid formation/maintenance. Our study addresses this question non-destruc-
tively and supports the use of these in vitro studies as a tool to aid reduction in whole animal
studies. In addition, our study also addresses the size range which is appropriate to use in
non-tumour studies to ensure minimal micro-environment formation. By adjusting the size
of the spheroid (<150 μm diameter), it is possible to limit the percentage of the spheroid
which is hypoxic/necrotic (<2 % allows for presence of senescent cells), a finding in line with
previous studies [5]. Although tissue origin in the previous studies differs from our model
(murine liver versus fish cell line), suggestions of no oxygen limitation in spheroids below
100μm are in complete agreement. In conclusion, EPR has provided insights into the size and
cell seeding densities at which oxygen gradients will play a confounding role in subsequent
exposure applications and thus enable the wider use of the spheroid model to non-tumour
based biological studies.
Supporting Information
S1 Fig. Spheroid with centrally located LiPc particles. The probes are clearly visible centrally,
even in small spheroids (2,500 cells/spheroid). Scale bar represents 100 μm in all images bar
(a). In this instance, this scale bar is set at 50μm.
(PDF)
S2 Fig. EPR Linewidth of LiPc probe in RTG-2 spheroid. EPR spectra of the smallest spher-
oid in the study (2,500 cells/spheroid) at 2 time points with LiPc probes centrally located
reporting on oxygen within. Oxygen is quantified based on a decrease in spectrum linewidth
with decreased oxygen availability relative to a control (100% oxygenated). Arrows indicate a
broadening or narrowing of linewidth relative to oxygen availability in the spheroid system.
(EPS)
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S3 Fig. Calibration curve of LiPc probe in varying oxygen concentrations. Oxygen concen-
trations (μM) were obtained from literature based on known solubility of oxygen with respect
to temperature in kelvin. The relationship between the two is described by 202.94LW + 2.65
where R2 = 0.99.
(EPS)
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Primary Culture of the Gastrointestinal tract of
Rainbow trout:
Fish husbandry
Immature female rainbow trout, (10-25 cm total length) were kept in de-chlorinated and
aerated water, non-recirculating systems. Each tank had a stocking density of approxi-
mately 40 fish per tank (180 L volume). Water parameters (temperature: 16.0 ± 0.7 ◦C;
pH:6.7 ±0.1; dissolved oxygen: 94.0 ± 2.7%) were measured daily. A photoperoid of 12
h light and 12 h dark were applied and fish were fed a daily ration of pellets (BioMar,
UK) at 2% body weight to maintain their weight and health. Fish were starved for
24-36 hrs prior to sampling and donor animals were sacrificed by a blow to the head
and followed by immediate destruction of the brain. Fish were then measured, surface
sterilised with 70% ethanol and transferred to a dissection table.
Preliminary optimisation of the dissection process
In order to identify the most appropriate method of primary culture of the gastroin-
testinal tract of rainbow trout, numerous methods were explored and characterised.
These recorded characteristics were based on observational data detailing the cover-
age of attaching and growing cells, presence of cell cluster, the presence of cell debris,
cellular stress as identified through the LDH assay and arguably the most important
characteristic, the duration until cells can be used in toxicological experiments.
In all experiments covered in this chapter, fish were starved for 24 h prior to sampling
and donor fish were sacrificed by a blow to the head followed by immediumte destruction
of the brain. Fish were then weighed, length recorded and sterilised with 70% ethanol
before dissection. The viscera was removed from the cavity, and the gastrointestinal
tract (GIT) identified. The GIT from pyloric to the posterior region was carefully
removed from the viscera and any residual food debri extruded via gentle pressure
before thorough removal of mesentry and blood vessels. The GIT was quickly divided
into four regions (via measurement) as suggested by Fard et al. (2007) and Uldal and
Buchmann (1996); pyloric region (consisting of the ascending intestine bearing pyloric
caecae), anterior (anterior 13 length of length from anterior descenting intestine to anus,
and does not include any ascending intestine bearing pyloric caecae), the middle/mid
intestine (middle 13 of length from anterior descending intestine and part of rectum) and
posterior (posterior 13 of length from descending intestine to anus and comprising rectum
only). It should be noted that this regional separation of the intestine is not restricted
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to fish and is repeated across other vertebrate species. For example, Dahan et al.
(2009) reported on segmental dependent membrane permeability/metabolism following
oral administration of drugs using rats. As such, a requirement for an intestinal model
which accounts for these segmental differences emerges. A schematic is presented in
Chapter 5, where following division of the tissue, individual regions of the intestine
may be cultured independently to look at transport and metabolism in isolation and
eventually under co-culture scenarios.
A diagrammatic representation of the dissection process undertaken in all experiments
is presented in Figure 8.4, but it should be noted that further dissection of the py-
loric was required but this is explained in Chapter 5. Each region was subsequently
split open longitudinally, weighed, and placed immediumtely in either unconditioned
medium with antibiotics (2% penicillin/streptomyocin & and 1% Fungizone) or HBSS
supplemented with DTT (1 mM). From this point, numerous methods were investigated
as follows.
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(a) Longitudinal incision
mesentry
stomach
liver
pyloric
anterior
Gas
bladder
mesentry
(b) Annotated viscera
(c) Intestinal separation (d) Mesentry removal
(e) Final tissue sections
Figure 8.4. Irrespective of size category of the fish prior to cellular extraction, dissection and
cleaning of the intestinal tract of rainbow trout plays a central component in the successful
extraction. As previously discussed, fish were euthanized , cut open longitudinally (a) and the
regions of interest identified as depicted (b). The anterior to posterior was separated from visera
mass as cessation of caeca along the intestine and mesentry remove using a springbow scissors
(c & d). Finally, tissue is separated based on measurements of 1/3 of the dissected intestinal
length with distinct morphological features visible between regions and held in wash solution
consisting of HBSS with 1% antibiotics (e).
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Method 1: Explant culture
There is a lack of aquatic intestinal models, with only one aquatic intestinal cell line
available (Kawano et al., 2011). This sparsity of intestinal models is replicated in the
murine and human system reaffirming the difficulty in successful culture and growth
of this organ and implying a fragility to intestinal cells in general. Explant culture
is one of the oldest culture techniques available, with obvious benefits including its
ability to work with only small fragments of tissue or when the fragility of the cells
precludes survival after disaggregation. Following dissection, and incubation in wash
solution, a biopsy punch (∼1 mm2) was used to take tissue samples from the middle
section of each intestinal region and plated in 6-well tissue culture treated plates. On
average, 4-6 punches were placed per well as shown in Figure 8.5a and cultured in L-15
supplemented with 30% FBS and 1% penicillin-streptomycin solution. The medium was
adjusted to barely cover the tissue sections (500 µL) initially, with a further 1 mL added
after 48 hrs. The pyloric and anterior sections were placed in a 15 ◦C incubator, while
the mid and posterior section were placed in a 20 ◦C incubator following preliminary
experiments which showed better growth at these temperatures with respect to the
already outlined intestinal regions. The cultured cells were monitored regularly, with
half medium changes occurring every 2 - 3 days and full medium exchanges occurring
every two weeks.
Method 2: isolation of cells using chelating agents
Gut cells were extracted based loosely on the method of Salinas et al. (2007) with some
slight modifications. Following the fish and tissue dissection outlined in Section 8.5, tis-
sue fragments were stored on ice while a fresh digestion solution was prepared (1.3 mM
EDTA, 1 mM of DTT, 1% pen/strep, 1% Fungizone in HBSS (H6648; Sigma)/DPBS
containing no calcium or magnesium). This was added to the tissue fragments and
shaken at room temperature for 40 - 60 min (200 rpm, 21 ◦C , Innova 2000 Platform
shaker; New Brunswick/Eppendorf, UK) with no external trituration. Timing of incu-
bation was based on cloudiness of medium. Supernatant and tissue is filtered through
a 40 µm cell strainer, and tissue samples triturated using sterile pasteur pipettes in
holding buffer to optimise cell recovery. Cells were pelleted using centrifugal force (1000
rpm × 6 min at 4 ◦C), and the cell pellet washed thrice using growth medium. Cells
were resuspended in medium and plated up on both precoated plates (fibronectin or
collagen) or tissue culture treated plates to investigate differences in stress, attachment
and growth. Cell viability was assessed using trypan blue (1:1 ratio), with cell viability
ranging from 85 - 97%. Plates were spun down at 800 rpm at 19◦C for 6 min (or 15 g
× 6 min) to add initial cellular attachment and incubated at 21 ◦C in ambient air for
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the posterior and mid intestines, while the pyloric and anterior flasks were kept at 15
◦C. The flasks were regularly observed and half the medium carefully exchanged after
three days, with full medium exchanges occurring every 2 - 3 days.
Method 3: Enzymatic digestion using collagenase
Collagenase digestion is the second most reported method for the development of pri-
mary cultures in the literature. Indeed, in the development of primary aquatic in vitro
cultures/models for toxicological purposes it is the only one frequently cited (see Uchea
et al. (2015); Uchea (2013); Baron et al. (2012); Blair et al. (1990)). However, col-
lagenase digestion at the concentrations shown in the literature may be to harsh for
the isolation of intestinal cells and so optimal concentration was first identified (0.1% in
HBSS 8264 with 1% pen/strep and 1% FBS) which appeared to not significantly damage
the cells, especially when dispase (0.1%) was also added to the digestion solution.
Preparation of fish occurred as outlined in Section 8.5. After incubation in holding buffer
(HBSS/medium with antibiotics), tissue was washed with a mucolytic agent (1mM
DTT) until solution was clear (6 - 10 washes). Tissue was then incubated in collagenase
or collagenase/dispase solution individual falcon tubes statistically at 37 ◦C for 20-40
min. Concurrently, we also looked at enhancing tissue aggregation through the addition
of dispase to the collagenase mixture. Tissue disaggregation was monitored via the
microscope and changes in solution cloudiness. After 40 min, samples were removed
from the incubator and the collagenase solution inactivated by the addition of DPBS
(magnesium and calcium free). Tissue samples were thoroughly triturated using sterile
pasteur pipettes and filtered through a 100 µm cell strainer. Cells were collected via
low-speed centrifugation ((100 × g; 6 min; 21 ◦C), medium decanted and cell pellet
resuspended in medium thrice. Finally, cells were resuspended in 10 mL of conditioned
medium (tissue dependent) and plated up. In order to ensure that only enterocytes
were removed from the tissue and not the underlying layers, tissue samples were taken
from the cell strainer and processed histologically as outlined in Section 2.3.1.1.
Observational results of primary cultures
Method 1: Explant culture
Explant culture using biopsy punches (seen in Figure 8.5a) of all tissue regions (pyloric
to posterior) in the gastrointestinal tract of rainbow trout successfully attached after 48
hrs with cells visibly migrating out of tissue after 7 days. After 3 weeks incubation, we
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observed a cellular coverage in the region of 30-40% irrespective of tissue origin. While
numerous combinations of medium and incubation temperature were investigated, the
most consistent growth of cells was found to occur at 20 ◦C for pyloric and posterior
tissue, and 15 ◦C for the anterior and mid section. After 8 - 10 weeks, each confluent well
(an example of which can be seen in Figure 8.5b) was sub-cultured using 0.05% trypsin
(e.g 10 mL of 0.25% trysin and 40 mL versene) into a 12.5 cm2 tissue culture flask
containing L-15 supplemented with 20% FBS and 1% penicillin-streptomycin solution
and allowed to become confluent. After the first passage, amphotericin B (Fungizone)
was removed from the medium. However, this proved premature and the culture quickly
became infected. Based on the prolonged duration of culture before the cells can be
used in an experiment, other culture methods were investigated.
(a) Biopsy Punch (b) Week 8
Figure 8.5. (a) Using biopsy punches, equal size explant sections were attained from the pyloric
region of the intestine and plated into 6-well plates, with an average of 4 - 6 punches per well.
White arrows indicate their placement on the well. (b) After 8 weeks of growth, cells have
visibly migrated from tissue punch, and are forming thick monolayers adjacent to the tissue.
Method 2: Chemical digestion
Large cell pellets were achieved using this method, nut there was variable success in
terms of attachment and growth per region. For the pyloric and anterior regions, little
to no attachment or growth was visible despite numerous attempts at optimisation
of incubation time and medium composition. However, this was not seen for cells
extracted the mid and posterior intestine. The combination of EDTA and DTT resulted
in a predominantly single cell suspension after a 40 min incubation with shaking at
200 rpm (Figure 8.6a), with cellular attachment visible after 24 h and dentritic cell
like extensions and epithelial islands visible within 48 hrs. Optimal incubation time
was verified via microscopical evaluation of tissue sections post cellular isolation as
outlined in Section 8.5. Clear epithelial growth, comparable to the RTgutGC cell line
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(Kawano et al., 2011) was observed after 7 days (Figure 8.6d). Following the first
two medium exchanges, fungizone was removed from the maintenance medium and
the cells monitored. No signs of fungal infection appeared indicating that thorough
washing of the cells prior to and during cellular extraction removes the bulk of potential
contaminants to successful cell culture.
After 1 - 2 weeks, the cells in all flasks were treated with trypIE (Invitrogen) and
subcultured at a 1:2 ratio into 25 cm2 flasks containing L-15 medium with 10% FBS,
2mM L-glutamine and 1% pen/strep. As an example of the successful use of this method,
growth of cells from the posterior region of the intestinal tract are shown in Figure 8.6c.
It was observed that during cellular growth, numerous medium changes and passages,
cell attachment and growth followed the typical epithelial growth despite 10% FBS and
some small fibroblastic contamination as would be expected from a primary culture of
intestinal cells. Cells successfully attached within 72 hrs forming expanding epithelial
colonies in addition to obvious individual epithelial attachment. After 5 days, these
colonies gradually detached, but single cells remained, flattened and began to shoot
out long neopodic extensions gradually creating uniform monolayers which covered the
well surface irrespective of extracellular matrix coating (such as fibronectin or collagen).
While other medium combinations including MEM (low and high glucose), DMEM (low
and high glucose), F-12 or a 1:1 ratio of the above listed, various FBS concentrations
and growth factors were trialled, this medium proved to provide the most consistent
growth. This is not surprising given the huge number of aquatic cell lines and primary
cultures that use L-15 as the growth medium.
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(a) Day 0 (b) Mid
(c) Posterior (d) Day 7
Figure 8.6. Phase contrast micrographs of early cultures of rainbow trout gastrointestinal cells
derived from the mid and posterior region. (a) Initial cell suspensions following cellular extrac-
tion showing clear single cells with minimal cellular clumps, (b) Growth of cells extracted from
the mid intestine after 72 hrs in culture medium showing clear epithelial islands, (c) Growth
of cells extracted from the posterior region of the intestine also showing prominent epithelial
islands and individually adherent cells (d) Multicellular monolayer of proliferating cells derived
from the posterior intestine after 7 days in culture. Note the clear presence of both fibroblastic
and epithelial morphology. Scale bar= 100 µm.
However, the caveat to the wide spread use of this method is a large one. Preliminary
work examining the applicability of the use of this method across a wide range of size
categories (10-33 cm/50g-360g) of rainbow trout identified a troubling inconsistency
with the the success rate of cellular attachment and growth. This method appears
to only show consistent results for animals of a specific size category (<20 cm). We
presume this is directly related to the ability of the young enterocytes/epithelial cells
ability to recover from the stressful extraction process. Accordingly, the reduction in at-
tachment efficiency of cells extracted from size categories above this is an indicator that
the EDTA/DTT combination may be too destructive to use in the successful isolation
and growth of these older enterocyte cells. This difference in success of primary cultures
based on different aged animals has been previously observed in murine systems (see
Freshney (2011)), where younger neonatal or juvenile animals are the preferred model
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to work with. However, it should also be noted that intestinal epithelial cells are re-
moved through the release of large sheets using EDTA and that the absence of further
disassociation of these sheets into individual cells may also have facilitated the success
in the younger size categories. Indeed, this suggestion has also been noted by Quaroni
and Hochman (1996) for both human and rat intestinal culture development, and will
be incorporated into future method development.
(a) 2 Days (b) 10 Days
(c) 4 weeks (d) 8 weeks
Figure 8.7. Example of growth of posterior extracted cells over 8 weeks using EDTA/DTT
extraction method. Note the prominent epithelial colonies after 48 H (a) with a monolayer of
epithelial growth comparable the RTgutGC cell linen formed after only 10 days (c). Despite
passages occurring over 8 weeks, note the comparable morphology with epithelial cells form-
ing complex monolayers with long neopodic extensions at both 4 (c) and 8 weeks (d) again
comparable to the cell line originally partially derived from this region. Scale bar= 50 µm.
Method 3: Enzymatic digestion using collagenase
Digestion of tissue using the gentle method of collagenase IV (ROCHE ) disassociation
was most successful at a concentration of 0.1% (or 1 mg/mL) in combination with dis-
pase (0.1%) made in HBSS (H8264) and incubated at 37 ◦C for 30 min as demonstrated
by Figure 8.8. This is not unusual given enzymatic activity of this enzyme is at its
optimal at this temperature providing quick digestion of the underlying matrix without
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damage to the cells as demonstrated by Langner et al. (2011) in the initiation of a
marine cell line from the Atlantic herring. Although numerous other concentrations,
temperatures and combinations of collagenase and dispase were trialled, this combi-
nation provided the most consistent extraction, attachment and growth over all other
combinations. Although the pyloric, mid and posterior initiated successful primary cul-
tures using this method, the pyloric region demonstrated marked improvement over all
other methods discussed.
As with most methods, there is room for improvement. As previously discussed in
all other primary culture methods, numerous medium combinations were tested, with
growth and attachment observed in all regions achieved using L-15 medium with 10%
FBS, 2mM L-glutamine, 2% antibiotics and HEPES to buffer (25 mM). However, while
growth and attachment was observed using this medium for the pyloric, notable im-
provements in attachment efficiency, epithelial island formation and growth were ob-
served using MEM medium with 10% FBS, 2 mM L-glutamine, 1% non-essential amino
acids and 2% antibiotics. Numerous reports suggest higher concentrations of FBS (15-
30%) minimise cellular stress and aid in cellular attachment. For example, Quinn et al.
(2009) developed primary cultures of zebra mussel tissue using 20% FBS (combination
of bovine and horse). However, this trend was not repeated in the small area of primary
intestinal cultures, with FBS concentrations typically range from 0-10% (Beaulieu and
Ménard, 2012; Yamada et al., 2009; Lobo et al., 2007; Evans et al., 1992; Fukamachi,
1992) with the exception of Kawano et al. (2011) who initiated an intestinal cell line us-
ing 20% FBS but later reduced to 10%. Initial medium exchanges (full) were originally
trialled to occur within 12-24 h post extraction to remove unattached cells, however
this proved detrimental to the success of the primary culture as cells can attach up to
72 h post extraction. This was later changed to a 1:1 ratio of medium exchange after
48 hrs, with a full medium change thereafter every 4-6 days, or upon drastic change in
medium colour or cellular stress (formation of lipid vacuoles). Confluency of wells was
achieved using the collagenase/dispase digestion after 7 days (Figure 8.8), with much
less success noted with pure collagenase digestion.
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(a) Dispase digestion (b) Collagenase/Dispase diges-
tion
Figure 8.8. Attachment and growth of cells derived from 3 fish (23-25 cm) from the pyloric region
of the intestinal tract using both dispase digestion (a) and collagenase/dispase (b). Images are
representative of 5 day old cultures following two medium exchanges. Scale bar= 100 µm.
Cell viability and stress
In each experiment outlined above, cell viability was assessed prior to seeing using the
trypan Blue exclusion method. Briefly, a sub-sample of the pelleted cells was transferred
to a tube and 100 µl of trypan blue was added (1:1 ratio), the mixture gently mixed and
left to incubate for 2 min. After mixing, the cells were transferred to a hemocytometer
and examined under a microscope under low magnification. Cells which take up tryphan
blue are considered non-viable and counted in addition to the total number of cells. The
following equation was used to calculate percentage viable cells:
% viable cells = [1.00− blue− cells
total − cells) ] ∗ 100
In all experiments where cell counts were possible (method 2 and method 3), cell viabil-
ity ranged between 65-95% indicating that the success of cellular attachment is not just
based on the viability of the cell (method dependent). In additional to cell viability, cy-
totoxicity induced by the cell extraction method was assessed by lactate dehydrogenase
(LDH) leakage into the culture medium. This is one of the most common approaches
for cytotoxicity testing of cells (Bieberstein and Braunbeck, 1998) and is based on the
measurement of lactate dehydrogenase activity in the extracellular medium, with the
loss of intracellular LDH and its release into the culture medium used as an indicator
of irreversible cell death due to cell membrane damage (Fotakis and Timbrell, 2006).
The activity of LDH in the medium was determined using the method of Bergmeyer
(1974) and Scholz and Segner (1999), after each extraction method (explant, collagenase
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and chemical) and again after first and second medium change. Typically, in perfused
GI tissue preparations from fish, the maximum LDH release into the medium from a
normal healthy tissue would not exceed 1 IU/mL (Al-Jubory and Handy, 2013). In
order to convert absorbance to concentration, Beer’s law was used. Analysis of variance
(ANOVA) with post hoc Tukey HSD was used for comparisons between cell extraction
methods. LDH release levels for all samples and all cell extraction methods did not
exceed the 1 IU/mL typically accepted for normal healthy tissue, in fact levels were up
to two orders of magnitude less than previously reported for the gastrointestinal region
of rainbow trout using the gut perfusion method (Al-Jubory and Handy, 2013).
Results The results obtained from the LDH release assay indicate that there are
unsurprisingly significant differences between the three methods used to extract cells
from the intestine and that the chemical digestion method (EDTA/DTT) results in
a higher level of cellular toxicity then collagenase digestion (n = 12 fish per method,
p < 0.05). This result concurs with observational data indicating EDTA may be too
stressful of an extraction protocol to use with older animals/cells resulting in reduced
cellular attachment and growth efficiency.
Microscopical evaluation of the cultures
The principal aim of primary culture of tissues is the extraction of specific cells which
are hoped to propagate, expand and divide into replicates which assume a uniform
constitution (Freshney, 2011). However, this becomes especially difficult when the ex-
perimental aim is the cultivation of a specific cell population from the intestine due to
the complex layered nature of the gastrointestinal tract, irrespective of species. As the
primary aim of this study was the extraction and propagation of enterocyte or epithe-
lial cells from the intestine of rainbow trout, histological analysis (carried out as per
Section 2.3.1.1) was carried out on tissue segments post isolation procedure captured
in the cell strainers. The analysis of tissue sections following haematoxylin and eosin
staining concurred with morphological observational of cellular attachment and growth
and allowed for improvement in primary method development. This is particularly im-
portant for the development of methodology which reduces/minimises fibroblast carry
over.
For example, in preliminary optimisation of the EDTA digestion methodology, incuba-
tions times tested ranged from 20 - 120 min. Histological analysis carried out on tissue
sampled at each incubation time identified 40 min at room temperature as optimal re-
moval of enterocytes without compromising the underlying lamina propria mucosae or
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removal of any other layers, as demonstrated in Figure 8.9a for isolation of cells from
the mid intestine. The directed cellular extraction process concurred with observations
of epithelial attachment and colony formation within hours of isolation (Figure 8.6). In
contrast, collagenase/dispase digestion for 40 min (Figure 8.9b) at room temperature
showed minimal removal of cells which was also highlighted in the minimal cell pellet,
attachment and propagation of cells. Due to this, the method was modified to incu-
bation at 37 ◦C, with successful observation of epithelial attachment, propagation and
expansion as seen in Figure 8.8.
(a) EDTA Digestion (b) Dispase/Collagenase Diges-
tion
Figure 8.9. Modification of primary cell isolation procedures following histological analysis of
intestinal tissue. (a) Digestion of mid intestine using EDTA digestion over 40 min at 21◦C
shaking (room temperature) resulting in a pure uncontaminated epithelial cell suspension. (b)
Collagenase/dispase digestion after 40 min of incubation at 21 ◦C showing minimal cellular
removal and identifying a need for modification to the methodology. Scale bar is equivalent to
100 µm.
The methodology outlined in this appendix represents preliminary experiments carried
out in order to identify the most appropriate methodology/protocol for the isolation
of enterocytes from rainbow trout. Final methodology is outlined in detail in Chap-
ter 5.
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